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Abstract 

We are entering a golden era for stellar physics driven by satellite and telescope observations of 
unprecedented quality and scope. New insights on stellar evolution and stellar interiors physics 
are being made possible by asteroseismology, the study of stars by the observation of natural, 
resonant oscillations. Asteroseismology is proving to be particularly significant for the study 
of solar-type and red-giant stars. These stars show rich spectra of solar-like oscillations, which 
are excited and intrinsically damped by turbulence in the outermost layers of the convective 
envelopes. In this review we discuss the current state of the field, with a particular emphasis on 
recent advances provided by the Kepler and CoRoT space missions and the wider significance 
to astronomy of the results from asteroseismology, such as stellar populations studies and exo- 
planet studies. 
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Almost two decades ha ve passed since a genera" 
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peared in this journal (jBrown fc Gilliland 



1994, 



review of asteroseismo" 



Gautschv Saio 



1995, 



o gy ap 



19961 ) 



At the time, data on solar-like oscillations - pulsations excited and damped by 
near-surface convection - were available for only one star, the Sun, and the case 
for detections having been made in other solar- type stars was mixed at best. 
That situation has since changed dramatically. There are already several ex- 
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cellent reviews in the literature which discuss the huge efforts and considerable 

ingenuity that went into detecting oscillations in solar-type and red-giant stars 

using ground-based telescopes and Doppler- velocity instrumentation (for a de- 



tailed overview, see 



Bedding 



2011 



and references therein). The concerted drive 
to reduce noise levels for the detection of exoplanets led to considerable benefits 
for asteroseismic studies. To results from episodic ground-based campaigns were 
added a few detections from the first space-based photomet ric observation s of 

and 



solar-like oscillations (e.g., WIRE, MOST and SMEI; again, see lBedding 



2011 



references therein). However, it was the launch of the French-led CoRoT satel- 
lite (in late 2006) and the NASA Kepler Mission (in 2009) that heralded major 
breakthroughs for the field: exquisite quality photometric data are now available 
on solar-like oscillations in unprecedented numbers of solar-type and red-giant 
stars. Kepler has provided multi-year, uninterrupted coverage on many of these 
targets, with its asteroseismology programm e being conducted by the Kepler As- 



teros eismic Science Consortium (KASC; see 



Kieldsen et al 



2010, 



Gilliland et al. 



2010h . 

This review has two overarching themes: first, how data on solar-like oscilla- 
tions can now test theories of stellar structure, stellar dynamics and evolution, 
and constrain the physics of stellar interiors, sometimes in ways that have, hith- 
erto, not been possible; and second, how precise estimates of the fundamental 
properties of stars obtained from asteroseismology impact more widely on astro- 
physics. We consider two areas in particular that highlight the second theme: 
the study of the structure, dynamics and evolution of exoplanetary systems, and 
stellar population and Galactic evolution studies. 



Our review is organised as follows. We begin in Section [2] with a concise de- 
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scription of the key features of solar-like oscillations. We show how the oscillation 

spectrum changes as the star evolves, in ways that allow us to use seismology to 
diagnose the stellar properties and internal structure. Section [3] summarizes the 
observational data that are available from Kepler and CoRoT, and some of the 
key data-analysis challenges. In Section (H we discuss the use of average or global 
asteroseismic parameters in estimation of the fundamental stellar properties. Sec- 
tion [5] begins by summarizing key issues for stellar properties estimation when 
estimates of individual oscillation frequencies are available. We then explain how 
the individual frequencies may be used to probe the internal structure and dy- 
namics, and test stellar interiors physics. Sections [6] and [7] present the strong 
links that asteroseismology has with studies of exoplanets, stellar activity and 
stellar populations. We conclude our review in Section [5] with some remarks on 
future prospects for asteroseismology. 

It is worth stressing that this is currently a very fast-moving field, thanks 
in large part to the data collected by Kepler and CoRoT. Most of the results 
discussed in the review come from these missions. Our aim is to provide the non- 
expert with a good overview of recent progress and future opportunities. Many 
papers have recently been published, and it is not possible to cite them all. We 
have therefore also tried to cite papers t hat serve as a useful entry to the sub- 
j ect fo r those wishing to explore further. 



Aerts. Christensen-Dalsgaard k, Kurtz 



(|2010l ) provide an excellent overview and introduction to asteroseismology in gen- 



eral. So me recent rey i ews a n d articles on asteroseismology of so 



include 



(|201lh . 



Cunha et al 



2007), 



Christensen-Dalsgaard &: Houdek 



Christensen-Dalsgaard! (|201ll ) and 



Michel & Baglinl ( 



ar-like oscillators 



2010|), 



20JJ). 



Bedding 
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2 A little background theory: solar-like oscillations 

The oscillations have their physical origins in two types of standing waves, those 
that are predominantly acoustic in character (commonly referred to as pressure 
modes or p modes) where gradients of pressure act as the restoring force; or 
internal gravity waves (g modes), where the effects of buoyancy are relevant. 
Modes of mixed character may also exist, displaying g-mode like behaviour in 
the central region of a star, and p-mode like behaviour in the envelope. 

Solar-like oscillations are intrinsically stable: they are driven stochastically and 



surface convection zone (e.g., see 



Houdek et al. 


1999. 


Samadi & Goupil 


2001 



and 



references therein). A necessary condition for stars to show solar- like oscillations 
is therefore the presence of near-surface convection. The oscillation spectra shown 
by solar-type and red-giant stars are very rich, with multiple overtones excited 
to observable amplitudes. Because of geometrical cancellation, only modes of low 
angular (spherical) degree, I, can be observed. 

In this section we shall consider the oscillation spectra of cool stars in differ- 
ent evolutionary states, beginning with main-sequence stars which show spectra 
of pure p modes. Our purpose is to lay some of the ground work for detailed 
discussion of results and future prospects in following sections, where we also 
elaborate on some of the theory (as appropriate). We begin here by using expres- 
sions based on an asymptotic treatment to illustrate the principal characteristics 
of the spectra. The asymptotic formalism has its limitations, particularly when 
describing the oscillation characteristics of evolved stars. Indeed, significant de- 
viations from asymptotic behaviour can even become apparent in main-sequence 
stars. We shall see that these deviations may be used to make key inferences on 
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the internal structures of the stars. 

Detectable p modes in main-sequence stars have high overtone numbers (radial 

orders) n, meaning asymptotic theory may be applied to describe the frequencies 

u n [ (i.e., as l/n — > 0). An approximate expression given to second ord er may be 



written (e.g., see 



Gough 



1986, 



Christensen-Dalsgaard &; Houdek 



2010h : 



v„i ~ Av [ n + - + e ) - Av 2 



A[l(l + 1)] - B 



where 



Av 



n 



dr 



o c 



(1) 



(2) 



is the inverse of the acoustic diameter, i.e., the sound travel time across a stellar 
diameter, c being the sound speed and R the stellar radius, and the coefficient 
e depends on the cavity boundary conditions, the behaviour close to the stellar 
surface being most important. The coefficient A in the second-order term is given 
by 



c(R) f R dc&r 
dr r 



(3) 



while B is a small correction that also depends on the surface boundary condi- 
tions. 

The leading term on the right-hand side of Equation [1] implies a dominant over- 
tone spacing in the spectrum, the so-called large frequency separation between 
modes of the same /, i.e., Av n i = v n i — v n -n — Av. Modes of even and odd 
degree should be separated by ~ Av/2. The final term on the right-hand side 
describes the departure from the degeneracy v n [ pa ^ n+ u_2 implied by the first 
term, i.e., 

Av f R dc dr 



6vu + 2(n) = v n i - v n -u + 2 ~ -(4/ + 6) 



kK 2 v n i Jo dr r 



(4) 
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This so-called small frequency separation depends on the sound-speed gradient 

in the central regions, which in main-sequence stars depends critically on the 

evolutionary state. In the asymptotic limit, Equation [1] implies that dvisfo) = 

5/3 Svq2 (h). Other useful s mall frequency s eparations may be formed by I = 



and I = 1 modes (e.g., see 



Roxburgh 



2009 and references therein). For exam- 



ple, the small separation 5vqi{ti) = v n o — \ K-n + z-'ni) measures deviations 
of Z = frequencies from the exact halfway frequencies of the adjacent I = 1 
modes; while <5z^io(n) = \ (v u q + ^Vm-io) — v n \ does the same for I = 1 frequencies 
and the adjacent I = modes. In the asymptotic limit, 5vQ\(n) = 5vio(n) = 
1/3 5vq2 ( n )- Similar separations may also be for med from combinations of five 



2003h 



(or more) frequencies. Frequency separation ratios ([Roxburgh fc Vorontsov 
are formed by taking the ratio of small to large frequency separations, e.g., 
ro2{n) = 5uo2(n)/Ai>i(n). Use of these ratios offers the advantage that they 
are somewhat insensitive to the structure of the near-surface layers of stars - 
which are poorly described by models - because the small and large separations 
are affected in a similar way by near-surface effects. We discuss the issue of the 
near-surface layers later in Section [5.11 As noted previously, it should be borne 
in mind that the asymptotic expressions may provide poor descriptions in more 
evolved stars. 

Rotation lifts the degeneracy in the oscillation frequencies v n i, so that the fre- 
quencies of non-radial modes (/ > 0) depend on the azimuthal order, m. For the 
fairly modest rates of rotation typical of solar-like oscillators we may ignore, to 
first order, the effects of the centrifugal distortion. Only in the most rapidly rotat- 
ing solar-like oscillators are these effects expected to giv e rise to measureable fre- 



quency asymmetries of detectable high-n, low-Z p modes (jReese. Lignieres h Rieutord 



Aster 



2006; 



Ballot 
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20101 ). The 21 + 1 rotationally split frequencies may be written: 



(5) 



with 



m 



^nim-^l / K nlm (r,e)n(r,9)rdrd9. (6) 
^ Jo Jo 

Here, £l(r,0) is the position-dependent internal angular velocity (in radius r, 
and co-latitude 6), and K n i m is a weighting kernel that reflects the sensitivity 
of the mode to the internal rotation. For the high-order p modes observed in 
solar-like oscillators, modest rates of differential rotation (in latitude and radius) 
and absolute rotation mean the splittings 5v n i m of the observable modes will 
typically take very similar values (hence tending to the approximation of solid- 
body rotation). The above neglects any contributions to the splittings from 
near-surface magnetic fields, which give rise to frequency asymmetries of the 
observed splittings. We might expect to det ect departures from symmetry in 



1990), a point we return to briefly in 



more active stars (jGough &: Thompson 
subsequent sections. 

Figure [T] shows in detail the observed oscillation spec trum of the G-type m ain 



Metcalfe et al 



20121 ). the 



sequence star 16CygA (KIC 12069424, HD 186408; see 
more massive component of the solar-type binary system 16 Cyg, two of the 
brightest stars with Kepler data. The observed frequencies and frequency split- 
tings carry information on the internal structure and dynamics of the star, and 
may in turn be used to place tight constraints on the fundamental stellar prop- 
erties (including the age). As noted previously, the dominant spacing visually is 
the large frequency separation. The average large separation {Au n i) is to good 
approximation equal to Au in Equation [Q and hence provides a measure of the 
acoustic radius of the star. In turn, it may be shown that the average large 
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separati on scales to very good approximation with the square root of the mean 



density (jUlrich 



1989 1. i.e., 

(A^)oc(^) 1 / 2 , (7) 

since the frequencies and overtone spacings are related to the dynamical timescale 
of the star. 

The top-left hand panel of Figure [2] shows a so-called echelle diagram of the 
oscillation spectrum of 16 Cyg A. This was made by dividing the oscillation spec- 
trum into segments of length (Ai> n i) in frequency. The segments are then ar- 
ranged above one another, in order of ascending frequency. Were stars to show 
a strict correspondence to Equation Q] vertical, straight ridges would be found 
in the echelle diagram (assuming use of the correct spacing), since the overtone 
spacings would all be exactly equal to Aza In practice, stars show departures 
from this simple description. In main-sequence stars, like 16 Cyg A, those de- 
partures are modest but clearly detectable. They carry frequency signatures of 
regions of abrupt structural change in the stellar interiors, e.g., the near-surface 
ionization zones and the base of the convective envelope, which we discuss in 
Section [531 an d more subtle signatures due to small convective cores (if present; 
see Section [5,3.2p . and the general background state. 

It is worth remarking that I = 3 modes are detectable in 16 Cyg A. This is 
due to the exceptional quality of its Kepler data. Indeed, the quality is so good 
that the S/N in the modes is limited by intrinsic stellar noise, and not by shot 
noise. Typically, CoRoT and Kepler give useable data for solar-type stars up to 
1 = 2, with the very weak I = 3 modes usually lost in the noise (see also Section [3] 
below). 

The oscillation peaks in the frequency-power spectrum have an underlying 
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Lorentzian-like appearance, i.e., the form expected for damped oscillations. The 

widths of the Lorentzians provide a measure of the linear damping rates, while the 

amplitudes - which increase with decreasing log g, as stars evolve - are set by the 

delicate balance between the excitation and damping. Small asymmetries of the 

Lorentzian peaks are detectable in solar p modes, and are expected in other stars. 

These asymmetries arise from the very localized (in radius) excitation source, and 

the correlation of the p-mode sig nal and granulation signal (t he latter excites 



and damps the former; e.g., see iRoxburgh Vorontsov 



19971 ) . Measurement 



of the excitation and damping parameters provides the means to infer various 



im portant properties of the still poor 



sec 



Chaplin et al 



2005 



Samadi et al 



understood near-s urface convection (e.g., 



2007 



Houdek 



20ld ) 



The observed powers of modes in the oscillations spectrum are modulated in 
frequency by a Gaussian- like envelope (see top left-hand inset of Figure [T]). The 
frequency of maximum oscillations power, z^ max , carries diagnostic information 
on the excitation and damping and hence physical conditions in the near-surface 
layers. The behaviour of waves close to the surface is influenced strongly by the 
acoustic cut-off frequency, f ac , which is given by 



AirH 



1 -2— 

dr / 



(8) 



with c the speed of sound and H = — (dlnp/dr) -1 the density scale height. The 
sharp rise in f ac close to the surface of a star describes an efficient boundary 
for the reflection of waves having v < i/ ac , hence fixing a notional upper limit in 
fr equency for t h e trap ped oscillations. 



Brown et al 



(]199ll ) conjectured that z^ max oc f ac , since both frequencies are 



determined by the near-surface properties. We may turn this into a relation 
linking z^ max to measureable surface properties of a solar-like oscillator by noting 
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that for the relevant stellar models little accuracy is lost by applying an isothermal 



approximation of Ec 



relation of the form (jKjeldsen fc Bedding 



uation El where v- 



ac 



c/(4ttH). This suggests a scaling 



1993 ): 



oc v a,, oc — oc g T 



-1/2 



H 



L eff ' 



0) 



where g oc M/R? is the surface gravity and T c g is the effective temperature 
of the star. As a solar-type star evolves, the frequencies shown by its most 
prominent oscillations will therefore decrease, largely in response to the falling 
surface gravity. Figure [3] shows the oscillation spectra of five stars observed by 
Kepler (including 16Cyg A), each having a mass around 1M Q . Surface gravity 
decreases from top to bottom by about one order of magnitude. The top two 
stars lie on the main sequence; the third and fourth stars are subgiants, whilst 
the bottom star lies near the base of the red giant branch (RGB). As we shall see in 
Section [J7T1 Equation O appears to work remarkably well in practice, although the 



power envelope s of some of the 
Procyon A; see lArentoft et al. 



rottest F-type stars have a flatter maximum (e.g., 



20081 ) raising question marks over the diagnostic 
potential, and even the definition or meaning, of i/ maj! in those stars. More work 
is clearly needed to understand the observed z- Wx scaling, and theo retical studies 



Belkacem et al 



2011 



)• 



have made progress on the problem (e.g., see 

After cessation of hydrogen core burning, stars leave the main sequence and 
their oscillation spectra become more complicated. This is because there is no 
longer a clear separation of the frequency ranges that will support p modes and 
g modes. The behaviour is controlled largely by the bouyancy or Brunt- Vaisala 
frequency, N, given by 



(10) 
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The g modes have frequencies that are lower than N, and high-order g modes 

may be described by an asymptotic relation in the periods, i.e., 



n„ ; = v'l ~ AIT (n + e 9 ) , 



(11) 



where the period separation All; (analagous to Av for p modes) is given by: 

2ir 2 



(12) 



assuming that N 2 > in the cony ectively stable region bounded by [ri,r2], with 



N = at r*i and r2 (jTassoul 



1980|). 

After exhaustion of the central hydrogen, the buoyancy frequency in the deep 
stellar interior increases to such an extent that it extends into the frequency range 
of the high-order p modes. When the frequency of a g mode comes close to that 
of a non-r adial p mode of the same degree, I, the modes undergo an "avoided 



crossing" (jAizenman. Smevers fc Weigert 



19771 ). which is analagous to avoided 



crossings of atomic energy states. Interactions between the modes will affect (or 
bump) the frequencies and also change the intrinsic properties of the modes, so 
that they take on mixed p and g characteristics (having a g-mode character in 
the deep interior and a p-mode character in the envelope). 

The first subgiant showing evidence of an avoided crossing in its oscillation 
spectrum (77 Boo) also happened to be the first case of a star other than the 



Sun showing unambiguous evidence of solar- 



Christensen-Dalsgaard. Bedding k, Kieldsen 



ike os cillations (jKjeldsen et al 



1995 



19951 ). Ground-based obs ervations 



also p rovided another case of a subgiant showing mixed modes (/3 Hyi; see lBedding et 
20071 ). Kepler and C0R0T have now added a significant number of further cases, 
with much more precisely determined oscillation frequencies. The top right-hand 
panel of Figure [2] shows the echelle diagram of one such Kepler target, the G-type 
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subgiant KIC 6442183 (HD 183159; see also Figure EJ). First, we note that the 

I = p modes are unaffected by the phenomenon because perturbations in buoy- 
ancy will not support radial modes, and so there are no g modes for the radial 
p modes to couple to. However, several I = 1 p modes have been significantly 
shifted from the putative, undisturbed I = 1 ridge (including one mode that has 
been shifted close to the I = ridge). The larger the shift in frequency from the 
undisturbed ridge, the stronger is the interaction or coupling between the p and 
g modes. The coupling is much weaker at I = 2. 

The frequency of the avoided crossing - where the frequency perturbation 
changes sign, across the undisturbed ridge - corresponds to the pure g-mode fre- 
quency that the star would show if it was comprised only of the central, g-mode 
cavity, and is hence a sensitive diagnostic of the core properties and the exact 
evolutionary state of the star. The displaced I = 1 frequencies of KIC 6442183 
are examples of several p modes coupling to a single g mode. The detectabil- 
ity of the modes may be partially understood in terms of the mode inertia, a 
me asure of the fraction of the star's mass tha t is engaged in pulsation (e.g., 



sec 



Aerts. Christensen-Dalsgaard fc Kurt2 



2010). The g-dominated mixed modes 



have high mode inertias because their eigenfunctions show large amplitudes in the 
core, where the density is high; this contributes to making them undetectable in 
the observations (see also Section [3] below). The amplitudes of the eigenfunctions 
of the p-dominated modes are in contrast highest in the envelope, hence these 
modes are clearly detectable. 

The impact of mode coupling is much more app arent in red giants , leading 



to a much richer ensemble of observable signatures (jDupret et al 



2009), which, 



as we shall see in later sections, may be used to discriminate different advanced 
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phases of evolution. Figure 0] shows the oscillation spectra of four red giant stars 

observed by Kepler, again all having masses around 1 M Q . The middle panel of 

Figure [2] shows the echelle diagram of one of these stars, KIC 6949816, a star 

ascending the RGB. The observed oscillation frequencies are significantly lower 

than in earlier phases of evolution. Again, this is largely the result of the marked 

expansion of the outer layers in the post main-sequence phase, which leads to a 

large reduction in the surface gravity. 

In the main-sequence phase we see one I = 1 mode in each radial order. In 
the early post main-sequence phase it may be possible to observe more than 
one I = 1 mode per order, assuming the g-dominated modes have a low enough 
inertia to be detectable. In the red-giant phase there is a much denser spectrum 
of g modes for the p modes to couple to, so that there are potentially many 
observable I = 1 mixed-modes per order, as is apparent from Figure [2] (middle 
panel) and Figure H] (top panel, notably at frequencies around 77 and 85/xHz). 
The p-dominated mixed modes are most likely to be observed (again, because 
they have lower intertia than their g-dominated counterparts). Here, at each 
order we see a cluster of p-dominated mixed modes, arranged about the putative, 
undisturbed pure p-mode frequency at that order. Because the observed mixed 
modes are not pure g modes, the observed period spacings are in practice smaller 
than those implied by Equation [12j 

Following ignition of helium (He) in the core, stars enter a relatively long- 
lived core-He burning phase. The ignition of He in low mass stars takes place 
in a highly degenerate He core of mass ~ 0.47 M , irrespective of the total mass 
of the star. This He flash is followed by a structural readjustment resulting in 
an accumulation of stars in the Hertzsprung-Russell diagram known as the Red 
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Clump (RC). The bottom right-hand panel of Figure [2] shows the echelle diagram 

of an RC star, KIC 7522297 (see also Figure H]). Its oscillation spectrum is very 

complicated, in contrast to the spectrum of KIC 3100193 (bottom left-hand panel, 

and again Figure HJ), an RGB star with similar surface properties and hence a 

similar f max - In Section 15.21 we shall discuss at some length use of the g-mode 

period spacings as a diagnostic of the evolutionary state, and see that increased 

period spacings in RC stars allows them to be distinguished from RGB stars that 

lie in close proximity in the Hertzsprung-Russell diagram. 

3 Observational data for solar-like oscillators 

Asteroseismology is currently an observationally driven field, with large volumes 
of exquisite quality long timeseries data now available, in particular from Kepler 
and CoRoT. Their long datasets give the frequency resolution needed to extract 
accurate and precise estimates of the basic parameters of individual modes cov- 
ering several radial orders, such as frequencies, frequency splittings, amplitudes, 
and damping rates. Uninterrupted data offer huge advantages for the analy- 
sis. The diurnal gaps present in ground-based observations cause well-known 
frequency-aliasing problems. The frequency separations associated with the re- 
sulting "sidebands" can be close to the characterisic frequency separations pre- 
sented by solar-like oscillators, making interpretation of the observed spectra 
more difficult. A less well-known problem arises from the fact that ground-based 
window functions typically also carry a quasi-random component (e.g., weather), 
which introduces quasi- white (i.e., broadband) noise in frequency. This may sig- 
nificantly degrade the underlying signal-to- noise ratio in the modes. 

In spite of these complications, ground-based Doppler velocity observations 
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have an important role to play. The signatures of granulation are much less 

prominent in velocity, relative to the oscillations, than they are in photometry. 
Since the amplitude of the granulation signal increases with decreasing frequency 
(i.e., its spectrum is "pink"), the intrinsic stellar noise presents less of a chal- 
lenge to the detectability of low-frequency modes when observations are made in 
velocity. In main-sequence stars, these modes present the narrowest widths in 
frequency (being more lightly damped than their higher-frequency counterparts) 
and so it is possible to extract extremely accurate and exquisitely precise fre- 
quencies and rotational frequency splittings for making inference on the internal 
structure and dynamics. Doppler velocity observations are also more sensitive to 
modes of I = 2 and 3 than are photometric observations. Finally, when comple- 
mentary photometric and Doppler- velocity data are available on the same target, 
important inferences can be made on the interactions of the oscillations with the 
convection, and the physics of nqn-adiabatic p r ocesses in the near-s urface layers 



of the star (jHoudek et al. 



1999, 



Houdek 



2010, 



Huberetal 



2011ah . Results of 



such comparisons can help to calibrate convection models and the treatment of 
radiative transport. 

Asteroseismic detections provided by Kepler and CoRoT are considerably more 
numerous for red giants than for solar-type stars. Detection of oscillations in 
solar-type stars requires the target-limited, short-cadence data_| of each mission 
(58.85 s and 32 s cadences, respectively) since the dominant oscillations have pe- 
riods of the order of minutes. These short periods are not accessible to the 
long-cadence data of either mission (having 29.4 min and 8.5 min cadences, re- 



1 CoRoT had the capability to observe up to 10 targets simulaneously in short cadence, and 
five following the failure of one of its detectors. Kepler has the capability to observe up to 512 
targets simultanously in short cadence. 
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spectively). The periods and amplitudes of the oscillations in red giants are 

significantly longer and higher, respectively - the strongest oscillations of stars 

at the base of the RGB having periods of the order of 1 hr - meaning oscillations 

may be detected in fainter (more numerous) targets observed in lon g cadence. 



CoRoT provided th e first multi-mont 



2008) and red giants (|De Ridder et al 



i data sets on solar-type stars ([Michel et al 



2009 ) . At the time of writing the short- 



cadence "seismo" observations have provided asteroseismic datasets on 12 solar- 
type stars in the apparent magnitude range 5.4 < m v < 9.4, with dataset lengths 
ranging from 20 to 170 days. The long-cadence "exo" observations have yielded 
asteroseismic datasets of similar length on mor e than one thousand red giants in 



the ra nge from roughly 11 <^ m v <J 16.5 (e.g. 



Hekker et al 



2009, 



Mosser et al. 



201 lbl ). and in several different fields (as we shall discuss later in Section [7J- 
There had previously been some debate as to whether red giants would show 
detectable non-radial modes, but CoRoT resolved the issue with unambiguous 
detections in many targets. 

Kepler has revolutionized asteroseismology of solar-type stars. During the 
first 10 months of science operations an asteroseismic survey yielded detections of 
solar-like oscillations in more than 500 stars observed for one month each in short 



cadence (jChaplin et al 



2010 



2011 



). These data span spectral types from early 
F through to late K, with most targets in the Kepler apparent magnitude range 
8 < K p < 12. There are a small number of even brighter targets, for which spe- 
cial dedicated photometry masks have been designed. These include the brightest 
star falling on detector pixels, the F-type star 6 Cyg, and the G-typ e binary com- 



prised of the solar-analogues 16 Cyg A and B ([Metcalfe et al. 



2012J). These data 



represent a unique, homogeneous ensemble for testing stellar evolutionary theory. 
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Around 150 solar-type stars with the highest-quality data were subsequently se- 
lected to be observed for longer durations in short cadence. These stars now have 
data ranging in length from several months to years. Around 60 stars should be 
observed for the entire duration of the mission. 



The long-cadence Kepler data have yielded asteroseismic data o ? 
quali t y on stars in the red-g i ant phase (e.g., see 



2010, 



Kallinger et al 



2010 



Hekker et al. 



Bedding et al 



2010 



unprecentec 



Huber et al 



2011^1. including 



clusters NGC6791, NGC6819 and NGC6811 (jStello et al 



giants in the open 



201 lbl ; the clusters 



are most likely too faint to allow detection of oscillations in solar-type stars). 
High-quality asteroseismic data are available on around 14,000 red giants having 
uninterrupted coverage throughout the first 3.5 yr of the mission. The expectation 
is that many of these targets will have continued observations throughout the 
extended mission. These very long datasets will be required to yield accurate 
seismic information on stars near the tip of the RGB, and on the asymptotic 
giant branch (AGB) where f max and (Av n i) are both small fractions of a /zHz in 
size. 

We come back in Section[6]to the approximately 80 Kepler asteroseismic targets 
that are also confirmed, validated or candidate exoplanet host stars. 

Figure [5] summarizes the asteroseismic data in-hand on solar-like oscillators, 
plotting stars with detections on a Hertzsprung-Russell diagram. 

Developments in the analysis for CoRoT and Kepler have built naturally on 
the heritage and experience from two areas of the discipline. The analysis of 
ground-based data on solar-like oscillators offered considerable prior expertise in 
dealing with moderate quality, low S/N data. This provided the springboard for 
many of the codes developed to extract average or global properties of the oscil- 
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lations spectra. The analysis of Sun-as-a-star helioseismology data was another 

obvious starting point from which to develop techniques for application to main- 
sequence stars, most notably for modelling and fitting asteroseismic parameters 
of individual modes. 

In preparation for Kepler, and the expected large numbers of asteroseismic 
targets, considerable effort was devoted to developing and testing codes for auto- 



2011 



Hekker et al 



mated detection of signatures of solar- like oscillations (jVerner et al. 
2011al and references therein), and subsequent extraction of average asteroseis- 
mic parameters such as (Az/ n z) and the frequency of maximum oscillations power, 
^max (e.g. , with hare-and-h ounds exercises using realistic, artificial asteroseimic 



data; see 



Stello et al 



20091 ). The much more difficult task of extracting accu- 
rate estimates of parame ters of individual m odes is colloquially referred to as 
"peak bagging" (e.g., see 



Appourchaux 



2011 



. Peak-bagging often proceeds by 



fitting multi-parameter models to the observed oscillation spectra, with the basic 
building-block being a Lorentzian-like function to describe each resonant peak 
having an underlying maximum power spectral density or height H and width 
r, where H oc A 2 /T, A being the oscillation amplitude of the mode. In order to 
resolve the Lorentzian, the length of the timeseries, T, must span several ampli- 
tude e-folding lifetimes, r, where T = 1/ (ttt). The requirement T/r > 10 is a 
good guideline threshold. When T drops to only 2t, so the observed profile tends 
to a sinc-squared function (set by T), and a Lorentzian is no longer the correct 
function to fit. Indeed, when T < 2t, a sine-wave fitting approach (sometimes, 
slightly misleadingly, called "pre- whitening" ) is the better option (i.e., one then 
also makes use of the phase information). 

Typical peak widths, T, in main-sequence stars are of the order of one to 
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a few /iHz, which suggests that observations spanning a month or so will just 

adequately resolve the peaks. There is however the added complexity of rotation 
(and magnetic fields). The resulting frequency splittings between adjacent non- 
radial mode components can range from a fraction to several ^uHz. In practice, 
multi-month datasets are required to get good constraints on the peak widths and 
heights of radial modes in main-sequence stars although it is safe to fit Lorentzian- 
like models to shorter datasets; while datasets of a year to several years are needed 
to also fully disentangle and so extract robust rotational splittings (of which more 
in Section [6]) , or asymmetries of those splittings resulting from the near-surface 
magnetic fields. 

Lessons learned from CoRoT's first solar-type targets, which w ere all F-type 



stars , proved vital to the development of peak-bagging methodology (jAppourchaux et al 



20081 ). The oscillation peaks in these F stars turned out to be very wide in fre- 
quency (suggesting very heavy damping of the oscillations) and modes adjacent 
in frequency were extremely hard to resolve. This presented challenges not only 
to the fitting but also, crucially, rendered visual inspection of the spectrum use- 
less as a means of tagging correctly the odd and even angular-degree ridges (a 
problem that now appears to have been solved by using the para meter e from 
Equa tion Q] as a diagnostic for identifying the even-degree ridge; see 



White et al. 



2012 1. 

The main lesson learned from CoRoT was that spectra of solar-type stars 
were not always as straightforward to analyse as the Sun. Further coordinated 
development and testing of peak-bagging codes, and application to the more nu- 
merous Kepler stars, has meant that near automation of the peak-bagging is now 
possible for main-sequence stars and also subgiants that have not yet evolved suf- 
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ficiently to show many modes of mixed character (see lAppourchaux et al 



Stars 



2012 



and references therein). The initial step in the automated fitting packages is 
to identify modes in the frequency power spectrum from which a robust list of 
first-guess parameters then follows. Identification often involves statistical test- 
ing, using false-alarm or odds-ratio approache s (the latter involvin g the adoption 



Appourchaux 



2011 



Application 



of priors on the expected mode signal; see 
of prior information to maximum-likelihood estimation is now also common in 
peak-bagging, although this must be used with care; and use of Markov Chain 
Monte Carlo ( MCMC) methods is also very fashionable, as in many other areas 



of astronomy (IGruberbauer et al 



Handberg fc Campante 



2011 



2009, 



Benomar. Appourchaux &: Baudin 



2009 



While computationally expensive, MCMC offers 
robust estimation of the posterior distributions (and hence the confidence inter- 
vals) of the best-fitting parameters. When the fitting is straightforward (high 
S/N, with well-constrained fitting distributions) maximum-likeihood estimators 
offer a more than adequate approach. 

As stars evolve through the subgiant phase onto the RGB, the appearance of 
modes of mixed p and g character offers new challenges, and opportunities, for 
the fitting. The inertia and through it the damping of the modes is affected by 
the coupling, so that the observed linewidth T of a mixed mode will be reduced by 
the ratio of the (increased) inertia of the mixed mode and the inertia that a radial 
mode would have at the same frequency. Provided the modes are well resolved 
(see above), the mode height will not be affected by the coupling. However, when 
the mode peak is not resolved, the height H will be reduced by the same factor 
as r. The g-dominated modes, which have very high inertia and hence very 
narrow peak linewidths, are therefore much harder to detect than p-dominated 
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modes of lower inertia. Those lower-inertia modes that are observable will still 

have the benefit of presenting narrower linewidths than pure p modes at similar 

frequencies, helping estimation of frequencies and frequency splittings (as we shall 

see in Section 15. 4p . 

The complicated spectra found in evolved solar-like oscillators makes extraction 
of robust lists of identified modes and first-guess parameters non-trivial, although 
enough is known already a bout the pathology of the observed spec tra to provide 
useful guidance (e.g., see iHuber et al.l |2010| . iMosser et al,l l2011bl ). Frequency 
spacings between modes and frequency splittings due to rotation may be very 
similar, making it hard to disentangle the observed signatures. Use of reasonably 
strong priors is advisable when fitting. As we learn more about how to handle 
evolved solar-like oscillators it should be possible to ease these strong priors which 
in the short-term are probably needed to extract usable frequencies. 

Besides the frequencies and frequency splittings, other important data prod- 
ucts given by analysis of the oscillation spectra are mode powers and linewidths. 
The long timeseries of Kepler and C0R0T are important for in principle pro- 
viding unbiased estimates of both parameters. Initial results have been ob- 



tained from peak-baggi ng (e.g., 



from other techniques (jHuber et al. 



Baudin ct al 



2011b, 



ground-based analysis methods (e.g., 



stars in ope n clusters 



Stel 



the results ( Belkacem et al 



o ct ;i 



201 



2011 



Appourchaux et al 



Mosser et al 



Kieldsen et al 



2012J) and 



2012a|) developed from 



20081 ). including results on 



201 1a|) and first t heoretical interpretation of 



Samadi et al. 



20121 ). 



Dserva- 



20ld ). 
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4 Asteroseismic inference on stellar properties 

There is growing effort being devoted to the testing and development of asteroseis- 
mic techniques for estimating fundamental stellar properties. These techniques 
are now making it possible to estimate precise and accurate properties of large 
numbers of field stars, on which sparse inferences were only previously available. 

The most accurate, and precise, stellar properties have come from of 
tions of stars in detached eclipsing binaries ([Torres. Andersen fe Gimenea . 
Other types of data on bright stars, e.g., trigonometric parallaxes, or interfero- 
metric radii, have also provided precise and accurate (largely model- independent) 
properties. As we shall see later, when asteroseismic observations are also avail- 
able on these stars it is possible to test the robustness of the asteroseismic tech- 
niques. Moreover, excellent prior constraints on the stellar properties allows 
asteroseismology to make unique tests of stellar interiors physics, something we 
return to in later sections. The excellent accuracy and precision achievable in 
asteroseismic estimates of surface gravities is of considerable interest for help- 
ing to calibrate spectroscopic data-reduction pipelines, in particular automated 
pipelines for large-scale surveys (of which more later in Sections [6] and [HJ) . 

For many field stars we do not have the luxury of very accurate data on funda- 
mental properties. Stellar properties estimation has then usually had to rely upon 
the use of spectroscopic or photometric observations of basic surface properties, 
e.g., colours, gravities and metallicitie s. Moreover, some uncertainty remains ove r 



the solar photospheric composition (|Basu Antia 



2008, 



Asplund et al. 



2009) 



which impacts on the determination of absolute abundances in other stars. 

Comparison of these observations with modelled observable surface proper- 
ties from stellar atmospheres and stellar evolution theory yields "best-fitting" 
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estimates of the fundamental properties. Such data may provide little, if any, 

discrimination between stars with different fundamental properties that share 
similar surface properties. However, the asteroseismic observables - most no- 
tably the individual frequencies, which can already be measured to a precision 
of better than 1 part in 10 4 with Kepler data - provide the means to discrim- 
inate in such cases. It is important to stress that complementary, non-seismic 
inputs are required to optimize the potential of the seismic data. At the very 
least one requires the effective temperature, T e g, to obtain tight constraints on 
the stellar radius and surface gravity; while in order to fully constr ain the mass 
and age, strong 



1994 



)nor 



Basu et al 



constraints on the metallicity are essential (jBrown et al. 



2012]) • 

Later, we shall discuss the use of individual frequencies in stellar properties 
estimation. But first, we shall look at the use of average or global asteroseis- 
mic parameters, including application of the asteroseismic scaling relations from 
Section [2j 

4.1 Use of average seismic parameters, and asteroseismic scaling 
relations 

When the S/N ratios in the asteroseismic data are insufficient to allow robust 
fitting of individual mode frequencies, it is still possible to extract average or 
global asteroseismic parameters. Indeed, as noted previously, the automated 
analysis codes developed for application to Kepler and CoRoT data have enabled 
efficient extraction of these parameters on large numbers of stars. The main 
parameters are the average frequency separation (Av n [), and the frequency of 
maximum oscillations power, i/ max . It may also be possible to extract the average 
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small frequency separations (see Section [2]) from moderate-quality data. 

Equations [7] and [9] imply that if estimates of (Au n i) and z^ max are available, 
together with an independent estimate of T e g , "direct" estimation of the stellar 
radius, mass, mean density and surface gravity is possible. This so-called direct 
method is particularly attractive because it in principle provides estimates that 
are independent of stellar evolutionary theory. 

The most convenient practical application invokes the assumption that for all 
evolutionary phases, from the main sequence to the red-giant phase, it is safe to 
scale against precisely measured solar values of the parameters. Re-arrangement 



of the scaling relation equations then gives, for example: 

/ \ / \ —2 / \ 0.5 

R \ ( ^max \ / (A-lS n l) \ I T cff \ 



M \ ( f max \ 3 / (Av n i) \ 4 / T cff \ L5 



M y yt'max,©/ \(Av n i) Q J \T effi0 ^ 

2 



(13) 
(14) 



VP©) ((Az^ n/ ) ) ^ 



and 



x / \ / ^ \0.5 

9 \ I ^max \ / J-efi \ 



(16) 



i©/ \^max,0 / yTeff^y 

Notice that the form of Equations [13] and [14] imply that estimated masses are 
inherently more uncertain than radii. 

One may also use (Az/ n z), in addition to v m * x , as input to so-called "grid-based" 



estimation of the stellar DroDerties fe.e.JStello et a 


. 2009 


Basu, C 


laolin & Elsworth 


2010, 


Quirion, Christensen-Dalseaard & Arentoft 


20ld. 


Gai et al. 


2011 


). This is 



essentially the well-used approach of matching the observations to stellar evo- 
lutionary tracks, but with the powerful diagnostic information contained in the 
seismic (Au n i) and f max also brought to bear. Properties of stars are determined 
by searching among a grid of stellar evolutionary models to get a "best match" 



Asteroseismology of Solar-Type and Red-Giant Stars 27 
to the observed set of input parameters, which should include T e g- and [Fe/H]. 

While the direct method assumes that all values of temperature are possible for 
a star of a given mass and radius, we know from stellar evolution theory that 
only a narrow range of T e g- is allowed for a given M and R, assuming a known 
chemical composition and given stellar interiors physics. This prior information 
is implicit in the grid-based approach, and means that estimated uncertainties 
are typically lower than for the direct method because a narrower range of out- 
comes is per mitted. The model grids must be well sampled in th e various input 



parameters. 



Bazot. Bourguignon fe Christensen-Dalsgaardl (|2012l ) have recently 



discussed how use of MCMC techniques may help to mitigate problems related 
to grid-sampling. 

There is one more level of subtlety to consider in application of the grid-based 
technique. It may rely wholly on the scaling relations, so that the fundamental 
properties of the models (i.e., R, M, T e g) are used as inputs to compute values of 
(Av n i) and f max for comparison with the observations. Or one may instead com- 
pute theoretical oscillation frequencies of each model, and from those compute a 
suitable average (Az/ n z) for comparison with the observations. Another approach 
to testing the accuracy of the scaling relation for {Av n i) is therefore to compare 
the average (Au n i) implied by the M and R of each model with the average {Av n i) 
of the mode l 's computed oscilla tion frequencies. Comparisons of this type (e.g., 



Ulrich 



1986 



White et al 



2011 



) suggest that for the solar-type stars and RGB 
stars the relation is accurate to 2 to 3%. Similar comparisons between models 
of red giants in different evolutionary states show that relative differences in the 
(Av n i) scaling of the order few per cent are expected between low-mass s tars on 



the RGB and in the core-helium burning RC phase (jMiglio et al. 



2012 ). This 



28 Asteroseismology of Solar-Type and Red-Giant Stars 

is because low-mass stars with same M and R can have significantly different 

sound s peed profiles, a nd he nce different acoustic radii, in these two evolutionary 



states. 



Mosser et al 



(|2013l ) have studied the impact of including higher-order 
terms from asymptotic expressions describing the frequencies (e.g., Equation [1]) , 
to estimate modified average large separations for use with the scaling relations. 

It is important to note that such comparisons of (Ai/ n i) do not allow for the 
impact of poor modelling of the near-surface layers and the effects of this on the 
model-predicted values of the frequencies, and hence the average large separa- 
tions. At least in so far as the Sun is concerned, the effect on {Av n i) is relatively 
small. However, the issue is much more of a concern when it comes to modelling 
of the individual frequencies. We shall discuss these surface effects in more de- 
tail in Section 15.11 below. Because we have much less confidence in theoretical 
computations of f max ~~ which rely on the complicated excitation and damping 
processes - than we do in theoretical predictions of the oscillation frequencies, 
model-computed f max have so far not been used in stellar properties estimation. 
Irrespective, it is clear that much more work is needed to understand the diag- 
nostic potential of ^ maX i and how far it can be pushed in terms of accuracy (in 
particular for high-precision data). 

When a grid-based approach is used, accuracy is of course demanded of the 
stellar evolutionary models. Those models must include all of the requisite physics 
that we consider to be significant in determining the evolutionary state of the star, 
and as a result its observable properties. Extensive tests made using a variety 
of different stellar evolutionary codes have shown that density, surface gravity 
and radius (and through that luminosity) are largely model independent , anc 



quite insensitive to the input physics (see 



Lebreton et al 



2008; 



Monteiro 



2009 
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and references therein). However, the masses and ages are much more sensitive 

to choices made in construction of the grid of stellar models, in particular the 
chemical composition, and can be affected by, for example, the inclusion of the 
effects of microscopic diffusion in the stellar evolutionary models. Overshoot at 
convective boundaries can also be an issue in this regard. An obvious way to 
capture the uncertainties in known modelling ingredients is to use a variety of 
model grids, with different input physics, and then include the resulting grid-to- 
grid scatter of the estimated properties in the final, quoted uncertainties. This 
approach has been adopted in the analysis of Kepler stars (e.g., on the exoplanet 
host stars discussed in Section [6]). Although, as noted above, the uncertainties on 
the direct-method estimates are larger than for the grid-based method, one might 
hope that they are expected to largely capture any uncertainties or systematics 
in the scaling relations due to, for example, metallicity effects. 

How accurate are the scaling relations? Crucial to making fundamental tests of 
the scaling relations is having independent and accurate estimates of the stellar 
properties against which to compare the asteroseismic values, on as wide a range 
of evolutionary states as possible. Tests against independent mass estimates are 
limited to cases of visual binaries, eclipsing binaries, high S/N exoplanet transits, 
and to some extent stars in clusters. To test radii it suffices to have accurate 



p arallaxes, and i nterfe r ometrica" 



Brunttetal 



(|2010h . 



l y mea sured angula r radii . 



Migliol ([2012]) compared asteroseis- 



Beddind (|201lh and 
mic and independently determined properties (e.g., from binaries) of a selection 
of bright solar- type stars and red giants, which all showed solar- like oscillations in 
observations made from either ground-based telescopes or CoRoT. The estimated 
properties were found to agree at the level of precision of the uncertainties, i.e., 
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to 10 % or better. The fundamental compa risons have recently been extended 



Silva Aguirre et al 



(|2012h used as- 



to slightly fainter stars observed by Kepler. 
teroseismic data on 22 of the brightest Kepler targets with detected solar-like 
oscillations, and found excellent agreement between stellar radii inferred from 
the scaling relations a nd those infe r red fr om using Hipparcos parallaxes (at the 



level of a few percent). 



Huberetal 



((2012J) combined interferometric observations 



of some of the brightest Kepler and C0R0T targets with Hipparcos parallaxes, 
and also found excellent agreement with the scaling-relation inferred stellar radii, 
at the 5 % level. 

The analysis of high S/N exoplanet lightcurves provides accurate and precise 
stellar densities independent of stellar evolutionary theory, assuming the orbit is 



well constrained. Four such examples, where solar-like osci 



tecte d in the host star are TrES-2, HAT-P- 7 and HAT-P-11 (jChristensen-Dalsgaard et al 



2010), and HD 17156 dGilliland et al 



2011 



lations were also de- 



) (see Section^. As noted by 



Southworth 



(|201ll ) the asteroseismic densities are in good agreement with the lightcurve- 
derived densities for TrES-2 and HD 17156, but not for HAT-P-7 and HAT-P-11. 
The prospects for expanding this very small sample look promising, given the 
healthy yield of asteroseismic exoplanet host stars detected by Kepler. 

The detection by Kepler of solar-like oscillations in red giant members of open 
clusters has provided additional data for testing the accuracy of the scaling rela- 
tions, particularly when largely model-independent constraints are available for 
the cluster members. Independ ent radius estim a tes of stars in NGC 6 791 based on 
the di stance determination by 



Brogaard et al 



(|201ll ) were used by 



Miglio et al. 



(|2012l ) to check the consistency of masses estimated from the scaling relations 



(Equations 1131 and I14p . While no significant systematic effect was found on the 



Aster osmsmology <r >£Sel 



RGB. 



Miglio et al. 
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31 



(|2012l ) suggested that a relative correction to the (Au n i) scal- 
ing relation should be considered between RC and RGB stars (as noted above). 
If scaling relations are used, this could affect the mass determination of clump 
stars at the ~ 10 % level. By combining constrain ts from near-turnoff eclipsing 



binaries and stellar models, 



Brogaard et a" 



the lower part of the RGB in NGC6791. 



(2012) est i mated masses of stars on 



Basu et al 



(|201ll ) us ed asteroseismic 



techni ques to estimate an average RGB mass that agreed with 



Brogaard et al. 



(|2012l ) to within ~ 7%. The difference is however significant given the quoted 



uncertainties, and further work is needed to understand the origin of the dis- 



crepancy. Finally, asteroseismic masses of giants in NGC 6819 (jBasu et al 



2011 



Miglio et al 



20121 ) are in good agreement (at the ~ 10 % leve^ 



given by isochrone fitting (jKalirai fc Tosi 



2004, 



Hole et al. 



with estimates 



2009). It should how- 



ever be borne in mind that uncertainties and model-dependences associated with 
the isochrone method mean the resulting data do not provide stringest tests of 
the asteroseismic masses. Results are however now coming available on eclipsing 
binaries in NGC 6819, whic h will allow tighter co nstraints to be placed on the 



systematics (as discussed bv lSandquist et al 



20131 ). 



Additional and more stringent tests of the asteroseismic scaling relations will 
be possible in the near future using results from Kepler and CoRoT on solar-like 
oscill ators that are mem bers of visual binaries and/or detached eclipsing binaries 



(e.g., 



Hekker et al. 



20101 ). 
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5 Inference from individual oscillation frequencies 

5.1 Estimation of stellar properties 

Use of individual frequencies increases the information content provided by the 
seismic data for making inference on the stellar properties. It is therefore pos- 
sible to tighten constraints on those properties, most notably constraints on 
the age. Asteroseismology not only provides excellent precision in the age es- 
timates - with realistic levels of 10 to 15 % achieva ble (e.g., see discussions in 



Lebreton & Montalbanl 12009 



2010, 



Soderblom 



20ipJ) - but may also be used to 



improve the accuracy of the age determinations through tests of stellar models 
for systems with already well-constrained properties. 

The analysis again proceeds via a grid-based approach through comparison 
of the observed frequencies with frequencies calculated for the grid of stellar 
evolutionary models, with minimization of the deviations between the observed 
and modelled parameters yielding the best-fitting solutions. 

A well-known problem in comparing observed and model-calculated frequen- 
cies comes from the hard-to-model near-surface layers of stars. Models usually 
employ simplified model atmospheres, and mixing length theory is used to de- 
scribe convection which leads to errors in the structure of the superadiabatic 
region. Moreover, model oscillation frequencies calculated in the usual adiabatic 
approximation neglect the effects of turbulent pressure. In the case of the Sun, 
this has all been shown to lead to an offset (sometimes called the "surface term" ) 
between obse rved p-mode frequencies and the model-pr edicted p-mode frequen- 



cies (e.g., see 



Christensen-Dalsgaard &: Thompson 



19971 . and references therein), 



with the model frequencies being on average too high by a few //Hz (giving a 
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negative surface term). The offset is larger in modes at higher frequencies (i.e., 

the closer v n i is to f ac ; the lowest-frequency modes are evanescent very close to 

the surface). As noted previously the average large frequency separation is also 

affected by the surface term, by an amount that depends on the gradient of the 

offset with radial order, n. In the case of the Sun, the model-predicted (Ai> n i) 

is about 1 fiHz higher than the observed (Au n i) (fractionally an overestimate of 

about 0.75%). 

We should expect offsets between observations and predictions in other stars. 
If the Sun is typical, the offsets for the frequencies will be many times the sizes 
of the expected frequency uncertainties. The achievable precision in the large 
separations is nowhere near as good, and so there fractional offsets would in 
many cases be comparable to the observed uncertainties. Failure to account for 
these offsets will lead to errors in the estimated stellar properties. But how 
important might those errors be? 

Consider first a simple case, estimation of the mean stellar density (p), taking 
the Sun as an example. We assume that for small fractional changes - e.g., those 
describing the differences between a reasonably good model and observations - 
homologous scaling of the frequencies holds to good approximation. This implies 
that Sv n i/v n i ~ 5 (Au n i) I (Av n i) ~ 1/2 5 {p) / (p). The fractional solar surface 
term offsets in v n [ (for frequencies close to ^ max ) an d {Au n i) quoted above imply 
inferred densities would be in error by, respectively, a few tenths of a percent 
when using frequencies, and 1 to 2 % when using the average large separation. 
From Equations 1131 and 1141 one might naively expect fractional errors of roughly 
similar size and double the size in radius and mass, respectively. 

Provided the fractional offset in the stellar (Av n i) is similar to the fractional 
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offset for the Sun, one can actually suppress the effects of the surface term quite 

straightforwardly when the large separation is used (and remove it when analysing 
the Sun). When using the scaling relations, one should scale the observed sep- 
aration against the observed (Au n i) Q . When using stellar-model calculated fre- 
quencies to estimate (Au n i) in the grid-based method, one should again scale 
the observed separation against (Af n /) Q whilst making sure that each model- 
calculated average separation is scaled against a solar-model average separation 
made from a properly calibrated solar model having the same input physics as 
the model grid. Any residual bias in the estimated properties will be due to 
fractional differences between the solar and stellar surface term, all other things 
being equal. Even with a surface term twice as large as solar, errors of only a 
few percent would result. 

Given that the typical precision in direct-method and grid-based estimated 
properties is at the several percent level, the surface term effects are most likely 
not a significant cause for concern, with bias from other ingredi ents of the mod 
elling being more of an issue. What of the individual frequencies? 



Kieldsen. Bedding Sz Christensen-Dalsgaard 



(2008) have proposed an empirically motivated procedure to correct individual 
frequencies. Since the solar surface term may be described fairly well by a power 
law in frequency, they suggest in effect treating the surface term of other stars as 
a homologously scaled version of the solar offset. Application of the Kjeldsen et 
al. correction to ground-based data on stars with similar T e fj- and log g (i.e., sim- 
ilar f ac and hence z-Wx) to the Sun has indicated similar surface-term properties 
in those stars, while on a larger sample of 22 solar-type stars observed by Kepler 
the average size of the best -fitting surface term was found to increase in magni- 



tude with increasing log g (jMathur et al 



2012J). Moreover, further inspection of 
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these data shows that the ratio of the absolute size of the term to z^ max is almost 

constant. It does however remain to be seen whether this result instead carries 
information related largely to other shortcomings of the stellar models, not nec- 
essarily information associated with the surface term (i.e., due to degeneracies 
from the modelling). It must be borne in mind that different choices made in 
the construction of stellar models can impact not only on the shape but possibly 
also on the sign of the surface term. One needs only compare the surface term 
of different standard solar models to see that for some the surface term can be 
positive rather than negative up to frequencies close to z^max© (albeit at a level 
smaller than at higher frequencies). 

Results from 3D numeric al simulations of co nvection will provide important 



input, e.g., as discussed by 



Goupil et al 



( 2011 



. But what is also needed are 



good asteroseismic targets with independently measured accurate (and precise) 
properties, which would allow an exploration of the model degeneracies associated 
with the surface term. 

Meanwhile, an obvious way to circumvent the problems presented by the sur- 
face term is to inst ead employ frequency separati on ratios in the modelling, as 



first pointed out by 



Roxburgh fc Vorontsovl (|2003l ) . Recall that these ratios are 



somewhat independent of the structure of the near-surface layers. 

5.2 Use of signatures of modes of mixed character 

As a star evolves and its central regions contract the gravitational acceleration 
near the core increases and so do the frequencies of gravity modes (see Equa- 
tions [10] to [12]) . Eventually, typically in the subgiant phase, g-mode frequencies 
increase sufficiently to give interactions with acoustic modes of the same angular 
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degree. The resulting frequency spectrum is thus not merely a simple super- 
position of p and g modes but is determined by the coupling strength of the 
interacting modes. When the observed mixed modes are mostly dominated by 
p-mode as opposed to g-mode characteristics information on the interactions is 
most easily recovered by studying departures from a constant frequency spac- 
ing. Visually, one could inspect an echelle di agram (see Section [2]) folded by the 



average large frequency separation (e.g., see 



Metcalfe et al 



2010bl as applied to 



the Kepler subgiant KIC 11026764). When g-mode charact eristics domina te, it 



201lh 



is better to fold in period, using the average period spacing (jBeddinei 

Mode bumping can affect the frequencies of several p (g) modes in consecu- 
tive orders dependent on the coupling strength and the density of modes in the 
spectrum. In favourable cases where several perturbed p (or g) modes may be 
detected information on the coupling strength, and on the underlying unper- 



turbed p-mode and g-mode frequencies, may be inferred by modelling the inter- 



action between the g-moc 


e and p-mode cavities ( 


Unno et al. 


1989 


. bedding 


2011 




Dchcuvels Sz Michel 


2011 


Christensen-Dalseaard &; Thompson 


2011 


Mosser et al. 



2012al ld). This approach, when applicable, provides an invaluable tool to explore 
and exploit the diagnostic potential of using modes of mixed character as probes 
of internal properties, such as the behaviour of ./V in the deep stellar interior, and 
the characteristics of the evanescent region between the p- and g-mode propaga- 
tion cavities. The full potential of Kepler and CoRoT data is still to be exploited. 
However, even from analyses of the first few months of observations there were 
cases where the estimated frequencies were already of sufficient quality to en- 
able detailed studies of the coupling strength of intera cting modes, including the 



frequencies of the unperturbed g modes in subgiants (jDeheuvels h Michel 



2011 



Asteroseismology of 



Benomar et al 



Solar-Type and Red-Giant Stars 



37 



2012 1. 

Provided that the underlying coupling model is accurate, information on the 
frequency of the underlying g modes, and on the coupling itself, in principle allows 



robu st inference to be made on the fundamental stellar properties (jDeheuvels fc Michel 



2011 



). In subgiants and low-luminosity giants of a given mass and chemical com- 
position the frequency of a g mode (or the period spacing of g modes, when de- 
tectable) is a monotonic function of age. By fitting simultaneously the frequency 
of the avoided crossing and the average large frequency separation a precise value 
of the age and mass can be determined for a given chemical composition and 



i nput physics, as has been shown for the su 



(Deheuvels fc Michel 



2011 



jgiant HD 49385 observed by CoRoT 



Deheuvels et al 



2012j). The coupling strength is also 



a promising proxy of st ellar mass during the subgiant phase, as demonstrated 



by 



Benomar et al 



(|2012j ) for a selection of subgiants observed by Kepler, CoRoT 
and ground-based telescopes. 

Following the subgiant phase, the period spacing of the g modes decreases 
throughout evolution on the RGB as the stars develop very compact helium cores. 
At the same time large frequency separations decrease in response to significant 
expansion of the stellar radii, hence the number of g modes per large separation 
increases markedly leading to very dense spectra of modes. 

In perhaps the most significant asteroseismic result of recent years, Kepler data 
were used to show that observed g-mode period spacings are substantially higher 
for helium-core-burning stars in the red clump (RC) than for stars ascending the 
RGB, providing a clea r way to discriminat e stars that otherwis e show very simi- 



lar su rface properties (jBedding et al 



2011 



'. Theoretical work (jMontalban et al. 



201CJ) had already indicated that the properties of the I = 1 modes were expected 
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to be sensitive to the evolutionary state of giants. Detection of the dense spectra 



of I = 1 modes and measurement of the period spacings ([Bedding et al 



Beck et al 



2011 



2011 



revealed a clear division of the observed spacings and compar- 
ison with predictions from stellar evolutionary models allowed the results to be 
properly interpreted. Similar results on the period spacings using CoRoT data 



were subsequently obtained by 



Mosser et al 



(2011a 



The typical period spacing in low-mass RGB stars (at the luminosity of stars 
in the RC) is ~ 50 to 70s, while in the RC the average spacing increases to a 
few- hundred seconds. The differences may be understood as follows: The helium 
core experiences a sudden expansion following ignition of helium-burning reac- 
tions. Re-adjustment of the stellar structure due to the increased luminosity in 
the core results in a significant decrease of N in the central regions, giving rise 
to an increased period spacing. In addition to the decreased core density, the 
release of energy from the helium-burning nuclear reactions leads to the onset of 
convection in the en ergy-generating core, contribu ting to an even larger incre ase 



of the spacing. (See 
further discussion.) 



Christensen-Dalsgaard 



2011 



and 



Mont alb an et al 



2013 for 



A firm identification of the evolutionary state of thousands of giants has wide- 
ranging implications, from the study of stellar populations (which we discuss in 
Section [7|) , to providing a much larger sample on which to test the efficiency of 



extra mixing mechanisms in the giant phase (e.g., 



Charbonnel 



20051 ). Moreover, 



a carefully chosen sample of RG B and RC stars cou ld be used to quantify the 



effects of mass loss on the RGB (M osser et al 



2011ah . 



Full exploration of the diagnostic potential of the period spacings - includ- 
ing detailed comparison of observations and model predictions - promises to 
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shed light on the detailed core properties, including helping to constrain the ef- 

ficiency of mixin g proc esses in low- and intermediate- mass stars. As noticed in 



Montalban et al 



(|2013l ) the average value of the period spacing in helium-burning 
intermediate-mass stars is tightly correlated with the mass of the helium core. An 
accurate calibration of the relation between core-helium mass and stellar mass for 
different metallicities will provide stringent constraints on the efficiency of extra 
mixing t hat occurred in the near-core regions during the main sequence phase 



(e.g., see iGirardi 



19991 ) . Moreover, in core-helium burning stars the period spac- 
ing is sensitive to the size of the adiabatically stratified convective core, and to the 
temperature stratification in the near-core regions. A detailed characterisation of 
such regions promises to reduce current uncertainties on the re quired extra mix- 



Salaris 



2012 for a 



ing, and its efficiency during the core-helium burning phase (see 
recent review). Such uncertainties have implications for the total helium-burning 
lifetimes, the resulting carbon-oxygen profile and subsequent evolutionary phases. 

Finally, we note the exciting possibility of detecting stars in the fast evolu- 
tionary ph ases between the occ urrence of the first helium flash and the quiet 



RC phase (jBildsten et al 



20121 ). where data on the period spacings could add 



significant knowledge to our unde rstanding of the structural changes that follow 



helium ignition in low-mass stars ([Weiss 



2012 ). 



5.3 Use of signatures of abrupt structural variation 

Regions of stellar interiors where the structure changes abruptly, such as the 
boundaries of convective regions, give rise to departures from the regular fre- 
quency separations implied by an asymptotic description. Careful measurement 
of these signatures - sometimes referred to as glitches - not only has the poten- 
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tial to provide additional information on the stellar properties, but also elucidates 

other important parameters and physical properties of the stars. There are sig- 
natures left by the ionization of helium in the near-surface layers of the stars. 
Measurements of these signatures should allow tight constraints to be placed on 
the helium abundance, something that would not otherwise be possible in such 
cool stars (because the ionization temperatures are too high to yield usable pho- 
tospheric lines for spectroscopy). And as noted above, there are also signatures 
left by the locations of convective boundaries. It is therefore possible to pinpoint 
the lower boundaries of convective envelopes, potentially important information 
for dynamo studies of cool stars. Furthermore, it is also possible to estimate the 
sizes of convective cores. Measurement of the sizes of these cores, and the over- 
shoot of the convective motions into the layers above, is important because it can 
provide a more accurate calibration of the ages of the affected stars. The mixing 
implied by the convective cores, and the possibility of mixing of fresh hydrogen 
fuel into the nuclear burning cores - courtesy of the regions of overshoot - affects 
the main-sequence lifetimes. 

5.3.1 Signatures from stellar envelopes The characteristics of the 
signatures imposed on the mode frequencies depend on the properties and loca- 
tions of the regions of abrupt structural change. When the regions lie well within 
the mode cavities a periodic component is manifest in the frequencies u n i, which 
is proportional to 

sin (Airvnir + <f>) , (17) 

where 
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is the acoustic depth of the glitch feature, r is the c orresponding loc a tion in 



radiu s, c is the sound speed, and <p is a phase offset (jVorontsov 



1988 



Gough 



1990). The "period" of the signature induced in the frequencies, which equals 
2t, provides information on the location of the region. The amplitude of the 
signature provides a measure of the size of the structural perturbation, while the 
decrease in amplitude with increasing frequency gives information on the radial 
extent of the glitch. Two signatures of this type have already been well studied in 
the solar case: one due to the sharp variation in the gradient of the sound speed at 
the base of the convective envelope; and another due to c hanges in the adiabatic 



expo nent in the near-surface helium ionization zones (see 



Christensen-Dalsgaard 



2002, and references therein). 

While the periodic signatures from the helium ionization zones may already 
be readily apparent in the large frequency separations Af n (, their signals may 
be better isolated by, for example, taking second differences of frequencies of 
modes having the same angular degree I, i.e., A2f n ; = v n ~n — ^ v ni + ^n+ih or 
by subtracting the frequencies from a smoothly varying function in the overtone 
number, n. The signature from the base of the convective envelope is also ap- 
parent in the second differences, although at a reduced amplitude compared to 
the helium signatures. Potentially better diagnostics from which to extract the 
convective-envelope signature are the frequency s eparation ratios constructed by 



using the / = and I = 1 modes ((Roxburgh 



20091 ). i.e., r Q i(n) = 6v Q i (n)/ Az/ X (n) 



and rio(n) = <5z/io(n)/Afo(n + 1). Since the small and large separations are 
affected in a similar way by the near-surface layers, signatures from the near- 
surface ionization zones are largely suppressed in the ratios, leaving the signature 
from the base of the convective envelope. Use of the separation ratios gives a 
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periodic signal in the frequencies equal to twice the acoustic radius, 2t, not twice 

the acoustic depth, 2r. Acoustic radii, t, are defined by: 



t = T -T, 

where the acoustic radius of the star, Tq, is given by 

rR dr 



(19) 



T = [ — = l/(2Ai/)~l/(2<A I / nJ ». 
Jo c 



(20) 



Figure [6] shows the convection-zone-base glitch signature of the main-sequence 



Kepler target HD 173701 (KIC 8006161; see 



Appourchaux et al 



2012, 



Mazumdar et al 



2012bl ). as observed in the frequency separation ratios made from the star's esti- 
mated oscillation frequencies. 

Since both r and To contain contributions from the hard-to-model near-surface 
layers, translation to the radii t when using frequencies or second differences as 
observables will suppress the surface contribution, in principle making compar- 
isons with model predictions more straightforward. An important caveat worth 
adding is that use of the different frequency diagnostics (or combinations) out- 
lined above will give small differences in the results, since the exact properties 
of the glitches depend on the chosen diagnostic. For example , explicit in the 



construction of the diagnostic used by 



Houdek fc Goughl (|2007l ) is an assumed 



matching of the stellar interior to a model atmosphere, where the upper reflect- 
ing layer for many modes lies. Other methods may not take explicit account 
of the exact location of the reflecting surface. That said, these differences are 
typically rather small, and do not compromise the precision of inferences made 
at the few percent level. 

The acoustic depth of the base of the solar convective envelope lies at tbcz ~ 
2300 s, and produces a glitch signal with an amplitude of approximately 0.1 /iHz in 



Asteroseismology of Solar-Type and Red-Giant Stars 43 
the frequencies. The solar He II ionization zone produces a signal at th c ii ~ 700 s, 

and a glitch-signal amplitude of approximately 1 fiHz. 

The key to extracting the envelope glitch signatures is to have sufficient preci- 
sion in estimates of the frequencies, and data on a sufficient number of overtones 
in the spectrum. Ideally, one typically requires individual frequency uncertain- 
ties of the order of a few tenths of a /uHz or lower, which demands multi-month 
observations of the stars. The resolution achievable in period will correspond 
to ~ 1/ (An x (Av n i)), i.e., the total range in frequency spanned by the useable 
frequencies, where An is the number of overtones covered. When the S/N in 
the glitch signatures is good, the resolution largely fixes the uncertainty in the 
estimated acoustic depth. 

The range of depths accessible to the analysis is determined by the large fre- 
quency separation of the star. One may cast a discussion on the limits in terms of 
the Nyquist-Shannon sampling theorem. When individual frequencies are avail- 
able on / = and I = 1 modes the diagnostics data are sampled in frequency 
at an approximately regular interval of ~ (Az/ n z) /2, implying a Nyquist "pe- 
riod" of 1/ {Av n i}- This sets a notional upper limit on measureable "periods" of 
~ 2Tq ~ 1/ (Av n i), and hence an upper limit on measureable acoustic depths of 
~ To ~ 1/(2 (Au n i)). In subgiants and red giants that show mixed modes one 
may not have the luxury of being able to use non-radial modes to construct glitch 
diagnostics since they will show the effects of mode coupling. The sampling in 
frequency is then only ~ (Az/ n /), which halves the upper-limit measureable acous- 
tic depth and it is then not possible to distinguish between a structural glitch 
located at an acoustic depth r, and one located at an acoustic depth Tq — t. We 
return later in the section to consider the case of evolved stars. 
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In solar-type stars the base of the convective envelope is located at an acoustic 

depth of roughly « Tq/2 or deeper, and so I = 1 modes are needed to avoid 

potential aliasing problems. Of all the solar-type stars, early F-type stars have 

the shallowest convective envelopes. Since the ratio of the envelope and He II zone 

depths is much smaller than in Sun-like analogues, it can be hard to disentangle 

the signatures (most notably in stars with M > 1.4 M ). Even though the 

separation of the signals is in contrast most pronounced in later-type, lower-mass 

dwarfs, the amplitude of the convective envelope signature is then very weak and 

hence more challenging to extract. 

The first measurements of the en yelope glitch sign a tures o f a solar-type star 



other than the Sun were made by 



Mazumdar et al 



(|2012al ). They extracted 



the envelope and He II signatures of the F-type star HD49933 using estimated 
frequencies obtained from 180 days of data collected by CoRoT. The analysis 
proved challenging for two reasons: first, due to the close correspondance of the 
glitch periods (see above); and second, due to the large frequency uncertainties 
from the heavy damping of the modes (a notable characteristic of F-type stars). 
This resulted in large uncertainties on the estimated envelope depth. 

Thanks to Kepler, more precise frequencies ( from longer datasets) are now 



available on a large ensemble of solar-type stars. iMazumdar et al. 



(|2012bh ana- 



lyzed a representative sample of 19 of these stars, and demonstrated that it is al- 
ready possible to extract very precise estimates of the glitch signature properties. 
Four different techniques of analysis were applied to extract the glitch signatures, 



using diffe rent combinations of the o 



outlin e d inlHoudek fe Go ugh 



(2000), 



Mazumdar et al 



20071 ). 



2012a) and 



pserved frequencies, as based on the methods 



Vlonteiro. Christensen-Dalsgaard Thompson 



Roxburgh 



(|2009l ) . Very good agreement was 
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found in the inferred glitch properties, giving confidence in the extracted values. 

For example, acoustic convective envelope depths were estimated to a typical 

precision of a few percent. 

The results from 



Mazumdar et al 



(|2012bl ) have validated the robustness of the 



analysis techniques, and indicate that we are now in a position to apply them to, 
and exploit the results from, more than 100 solar-type stars with multi-month 
Kepler data. The Kepler ensemble will provide a comprehensive set of convec- 
tive envelope depths for testing stellar evolution theory, and for validating stellar 
dynamo models. Results of those tests should also open the possibility to use the 



estimated envelope and He II depths as 



input to he 



lar properties, and interiors structure ((Mazumdar 



3 con strain both the gross stel- 



2005). It will also be possible 



to use the extracted envelope gli tch signatures to place constraints on overshoot 
into the radiative interiors (e.g., 



2000). Moreover, as pointed out by 



Monteiro. Christensen-Dalseaard & Thonrpson 


v Houdek & Goueh 


(2007 


) and 


Houdek & Goueh 



(|201ll ) , careful measurement and subsequent removal of glitch signatures from the 
mode frequencies will in principle provide cleaner inference on the stellar prop- 
erties, notably age, when those frequencies are used to model stars. 

Extraction of the He II signatures allows an estimate to be made of the helium 



abund ances in the stellar envelope s , as discussed by, for example, iBasu et al. 



(|2004h and 



Monteiro &; Thompsonl (|2005l ). If we assume that the stellar mass 



and radius have already been determined to a fractional precision of ~ 10 % and 
5 %, respectively - for example from the standard asteroseismic methods outlined 
in previous sections - it should be possible to use the measured amplitude of the 
glitch signal to constrain the envelope helium abundance to better than 10 %. 
Evolved stars present different challenges for the analysis of glitch signatures. 
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First, as noted above, significant coupling may render mixed modes poor diag- 
nostics of the sought-for signatures. Exceptions will be when the coupling with 
g modes is weak, e.g., in I = 1 modes in luminous RGB stars, or in I = 2 modes. 
Second, the number of acoustic mode s trapped in the stellar inter ior decreases 



as the stellar radius increases (e.g., see 



Christensen-Dalsgaard 



2011 



). This is be- 



cause the frequency domain covered by the acoustic modes scales approximately 
as fmax) and since the modes are spaced according to Au the number of over- 
tones observed will scale as (f max /Ai/) cx M 1 / 2 i? _1 / 2 T eff 1/ ' 2 . As stars evolve up 
the RGB, we might therefore expect to observe fewer overtones than in main- 
sequence stars, which makes extraction of periodic signatures in frequency more 
challenging. It is worth adding that the S/N in those modes that are detected will 
be higher (and peak linewidths narrower) than in main-sequence stars on account 
of the higher mode amplitudes (and lower damping rates) shown by evolved stars. 
Third, as a star evolves off the main sequence and the convective envelope deep- 
ens, the base of the envelope is displaced to greater acoustic depths (typically to 
> 0.9To, depending on the mass, chemical composition and evolutionary state). 
In this respect the detection of seismic signatures of helium ionisation is simpler 
for giants than for solar-type stars, since the He signatures do not have to be 
disentangled from the convective envelope signatures. 

Glitch signatures have already been detected in r ed giant data coll ected by 



2010). Given 



CoRoT, the first published example being HR7349 (Mi glio et al. 
the quality of the Kepler data, we may expect signatures to be detected and 
characterised precisely in a large number of giants, opening the possibility to 
constrain the envelope helium abundance in old stars (although further work is 
needed to understand how parameters extracted on the signatures impact on the 
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accuracy and precision of estimated helium abundances). 
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5.3.2 Signatures from stellar cores When regions of abrupt struc- 
tural change do not lie well within the mode cavities the signatures they leave in 
the mode frequencies are more subtle. This is the case for the signatures left by 
convective cores found in solar-type stars slightly more massive tha n the Sun. 



Seismic diagnostics of convective cores are particularly important ([Noels et al 



2010) . Several physical processes - e.g., rotation, overshooting, semiconvection 
and diffusion - may alter the shape of the chemical composition profile near the 
border of a convective core, mainly through full or partial mixing of the radiatively 
stable layers beyond the formal boundary of the convective region, as set by the 
Schwarzschild criterion. Constraining the efficiency of such extra mixing has wide 
relevance, most obviously since it would decrease systematic uncertainties on the 
age determinations of the affected main-sequence stars. There are significant 
uncertainties in the modelling of transport processes in stellar interiors (e.g., due 
to the lack of a satisfactory theory for convection); seismic constraints on near- 
core mixing may be used to test such models, and to improve, eventually, our 
understanding of stellar physics. 

Comparisons of theoretical models and "classical" non-seismic observations of 
stars show clearly that standard stellar models underestimate the size of the cen- 
trally mixed region, for example from stringent observati onal constraints provided 



by detached eclipsing binaries and op en clusters (e.g., see lAndersen. Clausen fc Nordstrom 



1990; 



Ribas. Jordi Gimenez 



2000). While the need for extra mixing is generally 



accepted, the calibration of its efficiency for stars of different mass and chemical 



sec 



Demarque et al. 


2004; 


VandenBere: & Stetson 


2004 


VandenBere. Berebusch & Dowler 
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20061 ). Moreover, there is no clear consensus regarding the physical processes re- 
sponsible for the required extra-mixing that is missing in the standard models 
Possibilities include overs hooting in its classical and diffusive flavors (e.g. 



1975, 



Maeder 



Ventura et al 



19981 ). mi croscopic diffusion (Michaud et al. 2004), rotation 



ally i nduced mixing (e.g., see 



Maeder Sz Mevnet 



2000 



Mathis. Palacios Zahn 



2004 . and r eferences therein), and mixing generated by 



waves (e.g. 



Young et al 



2003 



Talon Sz Charbonnel 



propagation of internal 



20051 ). 



A necessary condition for seismology to act as a diagnostic is that the mix- 
ing process leaves a distinct signature in the chemical composition profile, hence 
in the sound speed or N, which acoustic and gravity modes are sensitive to. 
Several studies have proposed and discussed the theoretical potential of diagnos- 
tics for solar-type stars based upon use of the small frequency separations, fre- 
quency separation ratios (see Section [21), and other more elaborate combinations 



of individual frequencies 



Cunha fc Metcalfe 



2007 



Popielski & Dziembowski 



Cunha fc Brandao 



2011 



2005 



Mazumdar et al 



Silva Aguirre et al 



2006 



201 la| )- The 



most recent work has focussed in particular on developing diagostics based on use 
of I = and I = 1 modes. These modes have significantly higher visibilities in the 
Kepler and CoRoT data than do modes of higher I. Diagnostics are now begin- 
ning to be applied to the space-based data, which have the requisite frequency 
precision not achieved from ground-based observations. A possible exception 
involving ground-based data is the well-studied binary a Cen where tight com- 
plementary constrai nts (including masses from the analysis of the visual binary 



orbit) are available. 



de Meulenaer et al. 



(|2010l ) showed that the small frequency 



separations 8voi(n) extracted from ground-based data on a Cen A were at odds 
with models computed using a substantial amount of extra mixing in the core. 
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In solar- type stars, an asymptotic formalism of the frequencies based on a de- 
scription of the internal phase shifts in principle provides the foundations for 
carrying out inverse analyses to infer the structures of stellar cores, using only 



low-/ modes (jRoxburgh 



201CJ). The observation of mixed modes would help to 



dramatically improve the qual ity of the inversions, since they provide kernels lo 



calised in the core of the star (jBasu. Christensen-Dalsgaard &: Thompson 



2002) 



Constraints on the detailed properties of mixing in the near-core regions may 
also be inferred from the analysis of data on more evolved stars showing mixed 
modes. Mixed modes observed in subgiant stars result from coupling of high- 
order p modes and low-order g modes. The frequencies of the latter may present 
significant deviations from the asymptotic limit and therefore bear information 
on abrupt structural variations related to the chemical composition gradient in 
the near-core regions (which controls N). Such a gradient is determined primarily 
by the evolutionary state, but can also be modified by different mixing processes 
taking place in the radiative interior. If the profile of N changes because of a 
different composition gradient, then we can expect a signature of the different 
mixing processes to be present in the frequencies of the mixed modes. 

Seismic signatures of a s mooth composition profile arising from n on-ins tantaneous 



mixin g were investigated by 



Miglio. Montalban fe Maceronil (|2007l ). while 



Deheuvels fc Michel 



(|201ll ) have also highlighted the potential effects of diffusion on the detailed be- 
haviour of N near the core. These studies suggest that such subtle effects may 
be detectable in stars that are evolved enough to present avoided crossings, yet 
sufficiently close to the end of the main sequence that the mean molecular weight 
profile has not yet been significantly modified by nuclear reactions in a surround- 



ing shell. 
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As discussed in Section 15.21 comparison of observed and model-predicted fre- 
quencies of giants should provide information on mixing processes occuring dur- 
ing the core-helium burning phase, which can have a significant impact on later 
evolutionary phases (e.g., see IStraniero et al.ll2003l ). 



Finally in this section we note that rotati on may also act t o indu ce deep 



Eggenberger et al 



(|2010j ) studied 



seated mixing in stars with radiative cores, 
the effects of this by comparing rotating and non-rotating models having the 
same fundamental properties. They noticed that rotational mixing increased the 
average small separations and frequency separation ratios, and lead to a slightly 
steeper slope of the small separations with frequency, reflecting the impact of 
rotation on the chemical composition gradients and in particular changes in the 
abundance of hydrogen in the central parts of the star. 



5.4 Inferences on internal rotation 



Despite the i mportance of effects of rotation in the forma tion and evolution of 



stars (e.g., see 



Pinsonneault 



1997 



Maeder Mevnet 



2000j) little is known about 



the efficiency of, and interplay between, the physical processes regulating the 
transport of angular momentum in stellar interiors. Observational constraints 
on the impact of rotation during stellar evolution are generally limited to sur- 
face abundances signatures of deep mixing, and to measurements of the surface 
rotation of stars in different evolutionary states. 

A notable exception is of course the Sun, where helioseismic analysis of the fre- 
quency splittings of non-radi al p modes has provided a detailed picture of rotation 



in the solar interior (e.g., see 



Thompson et al 



2003 



Howe 



2009). Helioseismology 



revealed the solar tachocline, a narrow region in the stably stratified layer just 
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beneath the base of the convective envelope which mediates the transition from 

differential rotation in the envelope to a solid-body-like profile in the radiative 



inter ior and is believed to play an integral role in dynamo action (jOssendriiver 



2003 ) . Helioseismic inversions showed that the solid-body-like profile persists 
down to at least R ~ 0.2 (deeper down inferences are rather uncertain), re- 
sults that present severe c hallenges to models of an gular momentum transfer in 



the solar interior (e.g., see 



Pinsonneault et al 



19891 ) 



Long, continuous datasets are needed to extract accurate and precise estimates 
of the rotational frequency splittings of low-Z p modes in main-sequence stars. The 
frequency splittings, Sv n i m , will typically vary from a few /xHz (in more massive, 
and/or very young solar- type stars) down to a fraction of a /xHz (in less mas- 
sive, and/or more mature solar-type stars; see inset to Figure[T]). The splittings 
may often be of comparable size to the linewidths of the damped modes in the 
frequency-power spectrum, which will in some cases prevent robust extraction 
of the splittings and in others means that care is needed to deal with potential 
biases. Extensive testing with Sun-as-a-star and a rtificial data mean that these 



problems are well understood (jChaplin et al. 



20061 ). 



The robust detection of variations of p-mode splittings with frequency, angular 
degree and azimuthal order will be challenging, but promises to provide infor- 
mation on near-surface magnetic fields (which can contribute to the splittings) 
as well as internal differential rotation (much harder). A first obvious exercise 
using the Kepler ensemble will be to compare the average frequency splittings 
with measures of surface rotation periods. 

While the frequency splittings of p modes observed in main-sequence stars 
are largely determined by the rotation profile in the stellar envelope (as in the 
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case of the Sun), the situation is different in the case of evolved stars where 

modes of mixed character are sensitive to the rotation in deeper-lying layers. 
As noted in Section [31 the fact that these modes are also less heavily damped 
than pure p modes means they present very narrow peaks in the frequency- 
power spectrum. This makes extraction of the observed frequency splittings 
in principle more straightforward than in main-sequence stars. Long datasets 
are nevertheless still required, and during some evolutionary epochs (e.g., giants 
in the RC) the complicated appearance of the oscillation spectra can present 
additional c hallenges fo r disen tangling the splittings. 



Recently, 



Beck et al 



(|2012l ) measured rotational splittings of mixed modes in 
three low-luminosity red-giant stars observed with Kepler. Mixed modes were 
identified in each power spectrum as dense clusters of / = 1 modes. The mode at 
the centre of each cluster is dominated by p-mode characteristics, and is hence 
most sensitive to the external layers. Adjacent modes are more g-mode-like in 
character, and so their rotational kernels (Equation[6|) are localised predominantly 
in the central regions of the star. Through a first comparison with rotational 
kernels representative of the modes observed in one of the giants (KIC 8366239), 
the authors found evidence for a core rotating at least ten-times faster than the 
surface. 



Eggenberger. Montalban &: Migliol (J2012J) compared the observed splittings with 



those predicted by models including meridional circulation and shear instability. 
They concluded that these processes alone produce an insufficient coupling to 
account for the rotational splittings observed in KIC 8366239, and that an addi- 
tional mechanism for the transport of angular momentum must operate in stellar 
interiors during post-main sequence evolution. Moreover, by comparing the ratio 
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of splittings for p- and g-dominated modes, they estimated the efficiency of this 

a dditional physica l proce ss. 



Deheuvels et al 



(|2012l ) also recently reported the detection of rotationally split 
modes in HIP 92775 (KIC 7341231), a halo star at the base of the RGB. By 
applying various inversion techniques and assumptions on the functional form 
of the rotation profile, they could set quantitative constraints on the internal 
rotation profile of the star. This led to a robust inference on the rotation of the 
core, and an upper limit to the surface rotation, establishing that in HIP 92775 
the core rotates at least five-times faster than the surface. As pointed out by 
the authors, while the rotation period of the core could be robustly derived, 
weaker constraints were obtained on the surface rotation, due to the fact that 
rotational splittings of dipolar modes detected in these low-luminosity giants 
are significantly contaminated by the core rotation. In the future the detection 
of rotationally split I = 2 modes, and splittings in stars with different trapping 
properties, should provide information on rotation profiles in the stellar envelopes 
(i ncluding potentially d ifferential rotation). 



Mosser et al. 



(|2012bl ) estimated average rotational frequency splittings for around 
300 giants, providing direct constraints on the evolution of the mean core rotation 
for stars in the red-giant phase. Comparison of the measured core rotation rates 
for RGB and RC stars provides evidence for core spin-down in the final phases 
of evolution on the RGB. 

Detailed comparisons with theoretical predictions of internal rotational profiles 
at different evolutionary states are needed to quantify the effects of additional pro- 



cesses transporting 



Gough fc Mclntvre 



angu l ar momentum in radiative (jCharbonne 



1998, 



Mathis 



20091 ) and convective regions ( 



fc Talon 



Palacios 



2005 



2013). 
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Moreover, in order to achieve a fully consistent physical picture of transport of 

chemicals and angular momentum in stars of different masses, chemical compo- 
sitions, and evolutionary stages, models will have to reproduce not only seismic 
constraints on the internal rotational profile but also c hemical signatures of deep 
mixing obtained via spectroscopic methods (e.g., see 
references therein). 



Smiljanic et al 



2009, and 



6 Asteroseismology, exoplanets, and stellar activity studies 



Asteroseismology can be particularly powerful when it is applied to stars that are 
exoplanet hosts. It can provide the accurate and precise estimates of the stellar 
properties (i.e., density, surface gravity, mass, radius and age) that are needed to 
make robust inference on the properties of the planets, and information on the 
internal rotation and stellar angle of inclination to help better understand the 
evolutionary dynamics of the systems. Moreover, asteroseismology can be used 
to probe levels of near-surface magnetic activity, interior-atmosphere linkages, 
and stellar activity cycles, all relevant to understanding the influence that stars 
have on their local environments, where planets are found. 



The first asteroseismic studies of exoplanet hosts showing s olar-like oscil 



used ground-based Doppler velocity observ ations of u Arae (IBouchv et al. 



Bazot et al. 



2005, 



Soriano h Vauclair 



2010 ) and t Hor (|Vauclair et al 



ations 



2005 



20081 ). The 



Hubble Space Telescope fine guidance sens or provided several d ays of asteroseis 



mic data on the solar-type host HD 17156 (jGilliland et al 



2011 



). Studies of four 



other known exoplanet hosts were m ade possible 



observed by CoRoT (HD52265; see 



Ballot et al 



by ear 



2011 



by Kepler (HAT-P-7, HAT-P-11 and TrES-2; see 



y prioritisation of ta rgets 



Escobar et al 



2012) and 



Christensen-Dalsgaard et al. 
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2010). 



Kepler has further opened the possibilities to combine exoplanet studies and 
asteroseismology, with (at the time of writing) solar-like oscillations detected 



in around 80 stars which also have single or mu 



confirmed transiting exoplanets ([Huber et al 



tiple candidate, validated or 



2013). These asteroseismic Kepler 



Objects of Interest (KOIs) span the Kepler apparent magnitude range 7.4 < K p < 
13.5, the peak of the sample lying around K p ~ 12. This 80-strong sample of 
asteroseismic KOIs provides a unique ensemble with extremely well-constrained 
stellar properties. 

Kepler's transit observations provide a direct estimate of R p /R, i.e., the ratio 
of the radii of the planet and star, hence accurate and precise radii from as- 
teroseismology allow tight constraints to be placed on the absolute sizes of the 
planets. The stellar radius is also required to fix the stellar luminosity and hence 
the location of the habitable zone around the star. There are already several ex- 
amples in the literature where asteroseismically estimated stellar radii put tight 
constrai nts on the radii of sm all planets, e.g., K epler-lOb, Kepler's first rocky ex- 



oplanet (jBatalha et al. 



2011 



noteworthy was Kepler-22b (jBorucki et al- 



and Kepler-21b (IHowell et al. 



2013) • Particularly 



2012 ) . Kepler's first validated planet 



lying in the habitable zone of its host star. This Sun-like analogue is quite faint 
for asteroseismology, and provided an excellent example of how a detection of 
just the large frequency separation was sufficient to get a good estimate of the 
stellar radius (the modes were too weak to estimate individual frequencies). 

In systems that are bright enough for follow-up radial velocity observations 
those velocity data may be combined with the transit data to estimate planetary 
masses, M p . An accurate estimate of the stellar mass, M, is required (which 
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asteroseismology can again provide) with the inferred planetary mass scaling 

with the st ellar mass according 



68 system (jGilliland et al 



to Mp oc M 2 / 3 . A recent example is the Kepler- 
120131 ). 

When usable radial velocity data cannot be obtained (due to a combination of 
the faintness of the star, and small sizes of the planets) Kepler has shown how 
detected transit timing variations (TTVs) in multi-planet systems may be used 
to help constrain the planetary properties. These TTVs correspond to deviations 
from strictly periodic transit intervals, and arise due to the mutual gravitational 
interactions of the planets. So-called photodynamical models combine informa- 
tion from the observed transits - including data on the TTVs - with the esti- 
mated properties of the host sta r. Here, the inferred planetary masses depend on 



the stellar mass, via M p oc M. 



Carter et al. 



(|2012l ) presented the first example 



of combining TTVs and asteroseismology, the Kepler-36 system containing two 
planets. The small uncertainties on the stellar mass and radius proved crucial to 
constraining the planet masses and radii to better than 8 % and 3 % respectively, 
helping to confirm the unusual nature of the system (planets having markedly 
different densities lying in closely spaced orbits). 

Stellar ages estimated from asteroseismology of course provide upper-limit age 
estimates for the planets. This information is of particular interest for cases where 
planets are potentially habitable, and for those developing planet evolutionary 
models, but is also relevant to calculations of the long-term stability of discovered 
systems, e.g., for confirming that inferred configurations are stable on the required 
timescales (as in the case of Kepler-36) or for ruling out potential configurations 
that may be unstable in systems where there are degeneracies in the inferred 
best-fitting solutions. 
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Asteroseismology may also be used to improve the accuracy of spectroscopic 

estimates of temperature and metallicity, which are needed for analysis of the 

host stars. Spectroscopic log g can be very uncertain and inaccuracies can lead 

to bias in estimates of T e g and [Fe/H] du e to strong correlations in the analysis . 



In the case of the a steroseismic KOIs (e.g., 



Huber et al. 



Borucki et al 



2012 



Carter et al 



2012 



20131 ). estimates of log g from asteroseismology (which used initial 
estimates of T e g- and [Fe/H] from spectroscopy as inputs) were used as a strong 
prior on log g in re-analysis of the spectroscopic data. Only one iteration was 
needed to reach convergence in the asteroseismically estimated stellar properties. 
A similar ap proach has been ad opted using stellar densities measured from transit 



lightcurves ([Torres et al 



2012 1 



One of the most exciting areas where asteroseismology may be brought to 
bear is to provide information on the spin-orbit alignments of exoplanet systems. 
Asteroseismology may be applied to estimate the angle i between the stellar 
rotation axis and the line-of-sight. When applied to transiting systems, where the 
orbital plane of the planets must be close to edge-on, an estimated i significantly 
different from 90 degrees - such that the rotation axis is well inclined relative to 
the plane of the sky - will imply a spin-orbit misalignment. 

Asteroseismic estimation of i rests on our ability to resolve and extract sig- 
natures of rotation in the non-radial modes of the oscillation spectrum. The 
mode patterns of the non-radial modes are non spherically symmetric, and hence 
the observed amplitudes of the modes depend on the viewing angle. For the 
slow to moderate rates of rotation expected in solar- like oscillators, measurement 
of the observed relative power of the different azimuthal components in each 
non-radial mode provides a direct estimate of i (for a detailed discussion of the 
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method, see 


n 

Gizon &; Solanki 


tsros 
2003, 


aismology of Solar Type ai 
Ballot, Garcia & Lambert 


2006, 


I Giant Start 
Ballot et al. 


2008 


< 


Chaplin et al. 


2013 


). In the best cases, asteroseismology can constrain i 



to an uncertainty of just a few degrees. The analysis requires bright targets 
and long-duration timeseries to give the requisite signal-to-noise and frequency 
resolution for extracting clear signatures of rotation in the oscillation spectrum. 

When peak-bagging models are fitted to the modes to extract the required 
information, the maximized likelihoods exhibit strong correlations between the 
rotational frequency splittings 5v s and sin i. This means that when the S/N in 
the modes or the length of the dataset is insufficient to extract a unique solution 
for the splitting and angle it is still often possible to estimate the product 5v s sin i. 
Kepler data may also provide estimates of the surface rotation period, P TO t, from 
rotational modulation of starspots and active regions. Hence, even when a unique 
asteroseismic solution for i is unavailable, the observed seismic product 5v s sin i 
can be combined with the observed P TO t to estimate the sine of the angle, i.e., 



from sin i = (5v s sin i)P ro t- This is sim ilar to the methoc 



Hirano et al 



that combines P, 



rot 



2012 for examples using 



with vsin i from spectroscopy (e.g., see 
Kepler data). Implicit is the assumption that the internal rotation rates probed 
by the seismic splittings are similar to the surface rotation, which appears to be 
reasonably valid for moderately slowly rotating main-sequence stars, where the 
splittings are most sensitive to the rotation in the envelope. 

The asteroseismic technique provides a useful complement to other existing 
methods. Observations of the Rossiter-McLaughlin (RM) effect and use of spot- 
crossing events during exoplanet transits have provided estimates of the sky- 
projected angle betwee n the planetary orbita l axis and the stellar rotation axis in 



more than 50 systems (jAlbrecht et al 



2012J). The RM observations need bright 
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targets and are extremely challenging for small planets (e.g. super-Earth-sized 

objects). Thanks to Ke pler the spot-crossing met hod can be extended to much 



fainter targets (e.g., see 



Sanchis-Oieda et al 



2012 ). However, it also works best 



on systems with large planets, and on active stars with large spots (to give the 
required SNR in the spot-crossing events). 

In contrast, the asteroseismic method gives information independent of the 
planet properties, and is therefore useful for investigating alignments in systems 
with very small planets. However, the limitations of having information on % only 

must be borne in mind: it is possible for the difference between the orbital anc 

I 

spin angles to be small even when the system is misaligned (e.g., see lHirano et al. 



2012J). Dependent on the system properties, statistical arguments can however 
be employed to help discuss the likely correlation of the orbital and spin axes; 
and the full three-dimensional configuration may of course be recovered when the 
sky-projected angle and the stellar inclination angle are both available. 

Theories which pro pose that strong m isalignments are the result of dynamical 



interactions (e.g., see 



Winn et al. 



201Q ) are supported by th e well-ordered align- 



ments found in the multi-planet system Kepler-30 studied bv lSanchis-Oieda et al. 



(|2012j) using spot-cr ossing data; and two multiple-systems with solar-type host 



stars investigated by 



Chaplin et al 



(|2013l ) with asteroseismology. Application of 



seismology to other Kepler systems with RGB hosts, or subgiants showing many 
mixed modes, will be particularly attractive since the narrow mode peaks are 
particularly conducive to accurate measurement of the splittings and inclination. 

We finish with some remarks on stellar activity and activity cycles. The astero- 
seismic Kepler ensemble offers the prospect of being able to select with high pre- 
cision and accuracy "evolutionary sequences", i.e., stars of very similar mass and 
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chemic al composition spanning different evolutionary epochs (jSilva Aguirre et al 



2011bl ). from the main sequence potentially all the way through to the AGB, 
which may be combined with ground-based observations of stellar activity (e.g. 
Ca H+K) to give a powerful diagnostic of how activity evolves in solar-type stars, 
and to better understand the influence that stars have on their local environments 
(with the obvious implications for exoplanet habitability). 

The availability of long timeseries data is now making it possible to "sound" 
stellar cycles with asteroseismology. The prospects for such studies have been 



considered in some depth (e.g., see 



Karoff et al 



2009 and references therein). 



The first convincing results on stellar-cycle variations of the p-mod e frequencies 



of a s olar-type star (the F-type star HD 49933) were reported by 



Garcia et al. 



([2010j), from observations made by CoRoT. This result is important for two 
reasons: first, the obvious one of demonstrating the feasibility of such studies; 
and second, the period of the stellar cycle was evidently significantly shorter than 
the 11-yr period of the Sun (probably between 1 and 2yr). 



The results on 



sec 



Bohm-Vitense 



D 499 33 are interesting when set against the paradigm (e.g., 



20071 ) that stars showing cycle periods divide activity-wise 
into two groups, with stars in each group displaying a similar number of rotation 
periods per cycle period. The implication is that stars with short rotation periods 
- HD 49933 has a surface rotation period of about 3 days - tend to have short 
cycle periods. If other similar stars show similar short-length cycles, there is the 
prospect of being able to track asteroseismically two or more c omplete cycles 



of such stars with the extended Kepler mission. We note that 



Metcalfe et al. 



(|2010al ) recently used chromospheric Ca H & K data to detect a short (1.6 yr) 



cycle period in another F-type star, the aforementioned exoplanet host tHor. 
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Kepler will also make it possible to detect full swings in activity in stars with 

cycles having periods up to approximately the length of the solar cycle. Detailed 

analysis of the Kepler asteroseismic ensemble is now underway to search for 

stellar-cycle signatures. Finally, we should not forget the prospects for detecting 

seismic signatures of stellar cycles from suitably separated (in time) episodic 

campaigns on ground-based telescopes. 

7 Asteroseismology and stellar populations studies 

Undoubtedly one the highlights of the Kepler asteroseismology programme has 
been the detection of oscillations in giants belonging to the open clusters NGC 6791 
NGC 6819 (see FigureED, and NGC 6811 (which has far fewer detections). An ob- 
vious advantage of modelling stars belonging to a supposedly simple population 
is to work under the assumption that all stars have the same age, initial chemical 
composition, and lie at essentially the same distance. These strong priors reduce 
the number of free parameters during modelling, allowing for stringent tests of 
stellar evolutionary theory. 

While the analysis and interpretation of asteroseismic data in clust er members 
is stil 



Basu et al. 



in its infancy, several promising results have already emerged. 
(|201ll ) estimated the age, mass and distance of RGB stars belonging to the 
old-open clusters NGC 6791 and NGC 6819 through application of a grid-based 
method (see Section H~Tj) using the observed (Au n i), f ma x> photometrically de- 
rived T e gf, and metallicities from spectroscopic analyses. Given the assumption 
of a common age and distance, and provided that systematic uncertainties have 
been accounted for, this approach leads to very precise and potentially very ac- 
curate estimates of the cluster properties. Such estimates may be then compared 
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against those obtained using different techniques and observational constraints 

(e.g., isochrone fitting, eclipsing binaries). These comparisons, as discussed in 

Section 14. 1\ are crucial to test the methods used to estimate radii, masses, and 

ages of giants, since those methods are also applied to s i ngle fie ld stars belong- 



ing to composite populations (see below). 



Stello et al 



(|2011bl ) compared the 



observed and expected (Au n i) and f max to discr iminate between as teroseismic 



Miglio et al 



((2012J) estimated 



cluster members and likely non-members, while 
the integrated RGB mass loss in NGC6791 by comparing the average masses of 
stars in the RC and on the RGB. The availability of seismic constraints beyond 
the average seismic parameters, and eventually the comparison between observed 
and theoretically predicted frequencies of individual modes, will turn these tar- 
gets into astrophysical laboratories to test models of the internal structure of 
giants (see Section l5T2"j) . 

Along with studies of simple stellar populations, the detection by C0R0T and 
Kepler of oscillations in thousands of field stars has opened the door to detailed 
studies of stellar populations belonging to the Milky Way, which can be used to 
inform models of the Galaxy. The mechanisms of the formation and evolution 
of the Milky Way are encoded in the kinematics, chemistry, locations and ages 
of stars. Particularly important observational constraints are relations linking 
velocity dispersion and metallicity to age in different parts of the Galaxy, as 
well as spatial gradie nts of metallicity and key abundanc e ratios at differe nt ages 



(e.g., for reviews see 



Freeman fc Bland-Hawthorn 



2002 



Chiappini 



2012J). The 



diffic ulties associated w ith estimating distances and, to an even greater extent, 



ages (jSoderblom 



201CJ) of individual field stars has been a major obstacle to 



discriminating between different scenarios of formation and evolution of the major 
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components of the Milky Way. In this context, solar-like oscillators represent key 

tracers of the properties of stellar populations. 

Once data from the first CoRoT observational run had been an alysed, and 



solar -like oscillations had been detected in thousands of red giant stars (jHekker et al 



20091 ). it became clear that the newly available observational const raints would 



allow novel approaches to the study of Galactic stellar populations. iMiglio et al. 



(2009) presented a first comparison between observed and predicted seismic prop- 
erties of giants observed in the first CoRoT field, which highlighted the expected 
signatures of RC stars in both distributions. As discussed in Section we may 
estimate radii and masses for all stars with detected oscillations by combining 
average and global asteroseismic parameters with estimates of surface tempera- 
ture. 

There are several important reasons why asteroseismic data on red giants offer 
huge potential for populations studies. First, G and K giants are numerous: They 
are therefore substantial contributors by number to magnitude-limited surveys 
of stars, such as CoRoT and Kepler. Moreover, the large intrinsic oscillation 
amplitudes and long oscillation periods mean that oscillations may be detected 
in faint targets observed in the long-cadence modes of CoRoT and Kepler (see 
Section [3]). Second, with asteroseismic data in hand red giants may be used 
as accurate distance indicators probing regions out to about lOkpc: As in the 
case of eclipsing binaries the distance to each red giant may be estimated from 
the absolute luminosity, which is obtained from the asteroseismically determined 
radius and T e g. This differs from the approach adopted to exploit pulsational 
information from classical pulsators, notably Cepheid variables, where the ob- 
served pulsation frequency leads to an estimate of the mean density only and 
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hence additional calibration and assumptions are needed to yield an estimated 

distance. Giants observed by CoRoT and Kepler may be used as distance indica- 
tors, mapping regions at different Galactocentric radii and, in the case of Kepler, 
exploring regions where thick-disc and halo giants are expected. 

Third, seismic data on RGB stars in principle provide robust ages that probe 
a wide age range: Once a star has evolved to the RGB its age is determined 
to a first approximation by the time spent in the core-hydrogen burning phase, 
which is predominantly a function of mass and metallicity. Hence, the estimated 
masses of red giants provide important constraints on age. The CoRoT and 
Kepler giants cover a mass range from ~ 0.9 to ~ 3M , which in turn maps to 
an age range spanning ~ 0.3 to ~ 12Gyr, i.e., the entire Galactic history. As a 
word of caution it is worth remembering that estimation of the ages is inherently 
model dependent. Systematic uncertainties from predictions of main-sequence 
lifetimes need to be taken into account. 

Consider, for example, the impact on RGB ages of uncertainties in predictions 
of the size of the central, fully- mixed region in main-sequence stars. We take the 
example of a model of mass 1.4 M©. The difference between the main-sequence 
lifetime of a model with and without overshooting^ from the core is of the order 
of 20%. However, once the model reaches the giant phase, this difference is 
reduced to about 5%. Low- mass models with a larger centrally mixed region 
experience a significantly shorter subgiant phase, the reason being that they end 
the main sequence with an isothermal helium core which is closer to the Shonberg- 
Chandrasekar limit (see lMaederlll975l ). hence partially offsetting the impact of a 



2 We assume an extension of the overshooting region equal to 0.2 H p , where H p is the pressure 
scale height at the boundary of the convective core, as defined by the Schwarzschild criterion. 
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longer main-sequence lifetime. On the other hand, the effect of core overshooting 

on the age of RGB stars is more pronounced when the mass of the He core at 
the end of the main sequence is close to (or even larger then) the Shonberg- 
Chandrasekar limit (e.g., in the case of higher-mass stars, or in models computed 
assuming large overshooting parameters). 

When considering RC stars, an additional complication in the age determina- 
tion arises f rom the rathe r uncertain mass- loss rates occurring during the RGB 



phase (e.g., ICatelan 



2009). In this case the characterisation of populations of 
giants will benefit greatly from estimation of the period spacings of the observed 
g modes, which we have seen allows a clear distinction to be made between RGB 
and RC stars (see Section I5.2p . 

Kepler is contributing significantly to the characterisation not only of red- 
giant populations, but has also opened the way for "ensemble asteroseismology" 
of solar-type stars. T he detection of solar -like oscillations in about 500 F and 



G-type dwarfs allowed 



Chaplin et al 



(|201ll ) to perform a first quantitative com- 



parison between the distributions of observed masses and radii of these stars with 
predictions from models of synthetic populations in the Galaxy. This first com- 
parison showed intriguing differences in the distribution of mass which will need 
to be addressed with more detail. This sample of stars should provide a gold 
standard for the age determination of field dwarfs, and further information on 



age-metallicity relations albeit out to a more limited distance t 



a few hundreds parsecs from the Sun (jSilva Aguirre et al. 



ian the giants, of 



20121 ). 
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8 Concluding Remarks 

We finish by looking ahead, with a few remarks on future possibilities to supple- 
ment those made already throughout the review. In the short to medium term, 
there are exciting prospects for fully exploiting the Kepler and CoRoT data. The 
long Kepler datasets provide a unique opportunity to make exquisite tests of stel- 
lar interiors physics, to probe the internal rotation and dynamics of evolutionary 
sequences of low-mass stars, and to elucidate our understanding of stellar activity 
and stellar dynamos by detecting seismic signatures of stellar cycles and applying 
diagnostics of the internal dynamics. The sample of asteroseismic planet-hosting 
stars will increase in size as more data are collected and the analysis of the ex- 
isting raw Kepler data continues to evolve. A significant number of systems 
with red-giant hosts is likely to be added. This will provide crucial results to 
address how the dynamics of systems, and planet-star interactions, evolve over 
time (including engulfment of planets). 

There is the potential for combining asteroseismic results from Kepler and 



CoRo T with resul ts from large spectro scopic surveys, e.g., APOGEE (jMaiewski et al 



2010 ). HERMES 



Bardenetal 



Survey (jGilmore et al 



2010|), and the GAIA ESO Public Spectroscopic 
20121 ) (with CoRoT providing results on red giants in dif- 
ferent fields of the Galaxy) . Since the asteroseismic data provide a very accurate 
way to determine surface gravities, they can also play an important role in help- 
ing to calibrate the spectroscopic analyses. A formal collaboration (APOKASC) 
has already been established between APOGEE and the Kepler Asteroseismic 
Science Consortium. These collaborations open the possibility to provide strong 
constraints on age-metallicity and age-velocity relations in different parts of the 
Milky Way. 
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With regards to future requirements on the asteroseismic observations, there 

is an obvious need for oscillations data on solar-type stars in clusters (the open 
clusters observed by Kepler are too faint to yield detections in cool main-sequence 
stars). Such data would allow further tests of stellar interiors physics in main- 
sequence and subgiant stars and help to calibrate the age ladder. Long timeseries 
data are also needed on bright stars in the solar neighbourhood. Photometric 
observations of bright stars of the type proposed for the ES A and NASA candidate 
missions PLATO and TESS would provide data for asteroseismology limited by 
intrinsic stellar noise, not photon counting noise. PLATO and TESS would also 
observe targets in different fields. 

There are also exciting developments to come for ground-based asteroseismol- 
ogy. The Stella r Observations Networ k Group (SONG) of 1-m telescopes is now 



being deployed (jGrundahl et al 



|2011| ). with one of the main goals being the ded- 
icated study of solar-like oscillators. SONG will provide Doppler velocity data of 
unprecedented quality on a selection of bright, nearby stars, including data on 
the lowest-frequency modes not accessible to the photometric observations. 
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Figure 1: Oscillation spectrum of the G-type main-sequence star in 16CygA 
(KIC 12069424, HD 186408), as observed by Kepler. Main plot: smoothed 
frequency-power spectrum showing the frequency range containing the most 
prominent modes in the spectrum, with annotations marking key frequency sep- 
arations. (The smoothing filter was a double-boxcar filter of width 0.2 /iHz.) Top 
left-hand inset: Plot of a wider range in frequency, showing the Gaussian-like 
modulation (in frequency) of the observed powers of the modes. The frequency 
of maximum oscillations power, z/ max , lies at about 2200 /iHz. Top right-hand in- 
sent: zoom in frequency showing rotational frequency splitting of the non-radial 
I = 1, n = 20 mode. The raw spectrum is shown in light blue, and the smoothed 
spectrum in black. The rotation axis of the star is inclined such that the outer 
| to | = 1 components are visible (outer vertical dashed lines), but the inner m = 
component is not as prominent (central vertical dashed line). 
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Figure 2: Echelle diagrams (see text) of the oscillation spectra of five stars observed 
by Kepler. Annotations mark the angular degrees, /. Top left-hand panel: diagram for 
the main-sequence star 16 Cyg A, showing vertically aligned ridges of oscillation power. 
Note the faint (but significant) power of the I = 3 ridge. Top right-hand panel: diagram 
for the subgiant KIC 6442183 showing a beautiful avoided crossing of the I = 1 modes 
at a frequency around 1000 fiHz. Middle panel: diagram for the first-ascent RGB star 
KIC 6949816, which shows clusters of closely spaced I = 1 mixed modes in its spectrum. 
Bottom panels: diagrams of RGB (KIC 3100193) and RC (KIC 7522297) stars that have 
similar surface properties (note the complexity of the / = 1 modes in the spectrum of 
KIC 7522297 compared to KIC 3100193). 
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Figure 3: Solar-like oscillation spectra of five stars observed by Kepler, using its 
short-cadence data (see Section [3|) . Each star has a mass around 1 M . Stars 
are arranged from top to bottom in order of decreasing u mstK , i.e., decreasing sur- 
face gravity. The top two stars - KIC 8006161 and KIC 12069424 (16Cyg A) 
- are main-sequence stars. The third and fourth stars down - KIC 6442183 
(HD 183159) and KIC 12508433 - are subgiants. The bottom star (KIC 6035199) 
lies at the base of the RGB. Echelle diagrams of KIC 12069424 and KIC 6442183 
may be found in Figure [2j 



Asteroseismology of Solar-Type and Red-Giant Stars 



85 




°- 1.58+05 - 



II 1, Lull II, 1:11 j „ 111 



it 




, I 



KIC 6949816 



KIC 9269772 



KIC 3100193 



KIC 7522297 



20 30 40 50 60 70 80 90 100 110 

Frequency QiHz] 



Figure 4: Solar-like oscillation spectra of five stars observed by Kepler, using 
its long-cadence data (see Section [3|) . Each star has a mass around 1 M Q . 
KIC 6949816 and KIC 9269772 are both first-ascent RGB stars. KIC 3100193 and 
KIC 7522297 are, respectively, RGB and RC stars sharing similar surface prop- 
erties. Echelle diagrams of KIC 6949816, KIC 3100193 and KIC 7522297 may be 
found in Figure [2j 
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Figure 5: Hertzsprung-Russell diagrams showing populations of stars with de- 
tected solar-like oscillations. Left-hand panel: Detections made by CoRoT and 
ground-based telescopes (see legend). Right-hand panel: Detections made by 
Kepler, including Kepler Objects of Interest (see legend). The large coloured 
circles mark the stars whose spectra are plotte d in Figures Q] through [U Solid 
lines in both panels follow evolutionary tracks j Ventura. D'Antona Mazzitellj 



2008) computed assuming solar metallicity. 
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Figure 6: Observed acoustic-glitch signature arising from the base of the connec- 
tive envelope in the main-sequence Kepler target HD 173701 (KIC 8006161; see 
also Figure . The blue [red] points with error bars show frequency separation 
ratios roi(n) [7'io( ri )] constructed from the estimated I = and I = 1 frequencies 
of the star. The black solid line is a best-fitting model (sinusoid plus low-order 
polynomial) to help guide the eye. The best-fitting period of the sine wave implies 
that the base of the envelope lies at an acoustic radius of t just under 1200 sec. 
Given that the acoustic radius of the star is To ~ 3350 s, this implies an acoustic 
depth r of approximately 2150s, i.e., t/Tq ~ 0.65. 
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Figure 7: Colour-magnitude diagrams (B — V versus apparent visual magnitude, 
V) of members of the open clusters NGC 6791 and NGC 6819. Coloured symbols 
ma rk the locations of stars with Kepler detections of solar-like oscillations (e.g., 
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